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Abstract: Theoretical predictions as well as experiments performed at storage rings have shown that
the lifetimes of β-radionuclides can change significantly as a function of the ionization state. In this
paper we describe an innovative approach, based on the use of a compact plasma trap to emulate
selected stellar-like conditions. It has been proposed within the PANDORA project (Plasmas for
Astrophysics, Nuclear Decay Observation and Radiation for Archaeometry) with the aim to measure,
for the first time in plasma, nuclear β-decay rates of radionuclides involved in nuclear-astrophysics
processes. To achieve this task, a compact magnetic plasma trap has been designed to reach the
needed plasma densities, temperatures, and charge-states distributions. A multi-diagnostic setup
will monitor, on-line, the plasma parameters, which will be correlated with the decay rate of the
radionuclides. The latter will be measured through the detection of the γ-rays emitted by the excited
daughter nuclei following the β-decay. An array of 14 HPGe detectors placed around the trap will
be used to detect the emitted γ-rays. For the first experimental campaign three isotopes, 176Lu,
134Cs, and 94Nb, were selected as possible physics cases. The newly designed plasma trap will also
represent a tool of choice to measure the plasma opacities in a broad spectrum of plasma conditions,
experimentally poorly known but that have a great impact on the energy transport and spectroscopic
observations of many astrophysical objects. Status and perspectives of the project will be highlighted
in the paper.

Keywords: beta decay; nucleosynthesis; plasma trap; plasma diagnostics

1. Introduction

In the last decades, many experimental and theoretical efforts have been dedicated at
investigating various possible scenarios that can influence nuclear decay rates. It has been



Universe 2022, 8, 80 3 of 16

predicted that sizeable variations in the decay properties can be observed in highly ionized
nuclides. This would have a strong impact on stellar nucleosynthesis processes, which take
place in a hot, dense environment affecting the degree of ionization of the atoms involved
in the stellar nucleosynthesis processes. However, our present knowledge of the effects of
the external environment on the nuclear β-decay rates is rather limited. Early attempts to
measure the dependence of the beta decay rates on the temperature, the pressure, or the
magnetic field were performed in the 1920s but the results showed variations lower than
about 0.05% (see, e.g., [1]). A revival of interest in the field took place near the end of the
1960s with the discovery of a chemically induced change of about 3.5% in the half-life of
7Be (see, e.g., [1,2]). An important breakthrough in the field was achieved thanks to the use
of Storage Rings, due to the possibility of preserving for extended periods of time (up to
several hours) highly ionized ions and to map their decay. This opportunity made accessible
the so-called “bound-state β-decay” [3]. In some neutral atoms or ions with only a few
holes in the atomic levels, the β-decay mechanism is hindered or even blocked because the
emitted electron is unable to access a bound final state. Therefore, it needs to be emitted
with high kinetic energy, which is sometimes not possible in terms of energy conservation.
However, in highly ionized ions the decay becomes possible or, somehow, energetically
favored. Experimental results obtained in a storage ring showed, for example, that fully
stripped 187Re75+ ions decayed by 9 orders of magnitude faster than neutral 187Re atoms,
which have a half-life of 42 Gyr [4], and that bare 163Dy66+ nuclei, being stable as neutral
atoms, become radioactive, with a half-life of 47 days, thus allowing the occurrence of a
branching reaction in the s-process path [5]. However, such an approach, being based on the
investigations of a single charge state at a time while clearly showing the role played by the
high ionization state of an atom in the β-decay process, is not able to reproduce stellar-like
conditions where, due to the high temperature of the plasma, a Charge State Distribution
(CSD) of the ions is established in Local Thermodynamic Equilibrium (LTE) condition.

In order to elucidate the possible effects connected to the dependence of the beta
decay constant on the characteristics of the CSD, a totally new approach was conceived
by the PANDORA (Plasmas for Astrophysics Nuclear Decays Observation and Radiation
for Archaeometry) project [6,7], to be realized at the Laboratori Nazionali del Sud, Istituto
Nazionale di Fisica Nucleare (INFN-LNS). It is based on the use of an innovative plasma
trap to measure, for the first time, nuclear β-decay rates in a plasma emulating some
stellar-like conditions in terms of CSD.

This paper describes the theoretical background, the experimental approach, and
the technical solutions foreseen to achieve this goal. At the same time, complementary
information about plasma emissivity and opacity in the range of plasma temperature
kT = 1–10 eV and density up to 1013 cm−3 will be extracted, which could be of crucial
interest for benchmarking astrophysical observations from kilonovae [8] through laboratory
measurements.

2. Impact in Astrophysical Scenarios

There is great interest in Nuclear Astrophysics for any attempt to gain improved
knowledge of weak interactions in physical conditions close to those of nucleosynthesis
environments (stars, the Big Bang, and cosmic rays). In fact, while in the last decades our
knowledge of the reaction cross sections involved in these processes improved significantly,
this was not the case for the weak interaction that presently represents the most important
bottleneck in nucleosynthesis calculations. In the s-process (i.e., the slow neutron capture
process), as an example, the relative abundances of elements and isotopes produced de-
pend on the interplay between neutron densities (neutron fluxes coming from reactions
producing neutrons), neutron capture cross sections, and decay rates. The s-process is a
crucial mechanism in the synthesis of about 50% of the nuclei heavier than iron [9]. A
significant fraction of neutron capture reactions occurs on unstable nuclei close to the valley
of β-stability. However, as highlighted in Section 1, even stable nuclides in terrestrial
laboratories may become unstable when ionized. This introduces enormous uncertainties
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in the knowledge of the lifetimes of these isotopes, which are exposed to neutron captures
over a wide range of time durations, from less than 20 years (in the thermal instabilities of
shell He-burning in low mass stars) up to thousands of years in core He-burning conditions
of massive stars. The ionization conditions can also open the bound-state β-decay channel
in which the produced electron is not emitted but captured in a bound atomic energy
state [10]. Very little is known on the effectiveness of such a process in the nucleosynthesis
chains, except that for very few nuclei where, as mentioned, the storage ring measurements
showed changes in half-lives up to several orders of magnitude [4,5,10]. The lack of this
information has also hampered the possibility of using long-lived radionuclides as cos-
mological chronometers, since uncertainties in their lifetime, associated to their astration
in the stars, do not allow being confident in estimating the age of a given astrophysical
object by just looking at the relative abundances of certain isotopes (i.e., measuring the
“parent–daughter” abundances ratio).

A new approach described in detail in the next paragraphs, based on the use of a
plasma trap to emulate some specific stellar-like conditions, will allow us to investigate the
β-decay properties of selected radioactive isotopes. The same setup will also provide suit-
able experimental conditions to study plasma opacity, which quantifies how transparent or
opaque the plasma is to radiation. While this last issue will not represent the main item of
research, the experimental measurements of this quantity can be a valuable benchmark for
supporting more precise estimates of elemental abundances linked to r-process nucleosyn-
thesis derived from direct astrophysical observations of phenomena like kilonovae [8,11].
More in general, also due to the wide set of available diagnostics, PANDORA will be a
unique setup for non-LTE plasma atomic physics’ models.

3. Experimental Method

The proposed experimental method consists of magnetically confining a hot plasma,
kept in dynamic equilibrium, containing a known concentration of the β-decaying atoms,
and then measuring the decay rate vs. time and as a function of the average ionization
state of radioactive ions confined in the trap [6]. The decaying nuclei will be identified by
measuring the energy of the γ-rays emitted by the daughter nuclei.

The different steps of the method are described below:

• A buffer plasma is created using He, O, or Ar gas at densities of 1012–1013 atoms/cm3.
• The isotope is then directly injected (if gaseous) or vaporized by appropriate ovens in

the chamber to be turned into a plasma state.
• Relative abundances of buffer vs. isotope densities range from 100:1 (for isotopes in

metallic state) to 3:1 (for gaseous elements).
• The plasma is maintained in a dynamic equilibrium by equalizing input fluxes of the

particles to the losses from the magnetic confinement. This can be achieved when
the plasma operates in magneto-hydrodynamic equilibrium under proper tuning
conditions of the magnetic field profile, background pressure, and radiofrequency
(RF) power; an accuracy of about 7% (estimated using the fastest response diagnostics,
i.e., soft-X ray spectroscopy, see Table 2) can be achieved in terms of the maximal
fluctuation of the main plasma parameters, which are deemed to be sufficient to get a
good overall sensitivity in the measurement of the radioactive isotope decay.

• After the β-decay, the daughter nuclei, still confined in the plasma, emit γ-rays, which
are detected through an array of HPGe detectors placed around the magnetic trap.

• The in-plasma measured radioactivity is directly correlated to the plasma density and
temperature, which will be monitored by a multi-diagnostics setup.

This last correlation represents the crucial point of the experiment allowing mapping
the evolution of the half-life of the in-plasma ions with the main plasma parameters and to
make a direct comparison with theoretical model predictions.
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3.1. Experimental Setup

In the following we will go through a description of the main elements on which the
PANDORA experimental setup is based.

Figure 1 shows the overall experimental setup in a render, “at-a-glance”, view. The
experimental procedure includes the simultaneous operation of the three main sub-systems:
(1) a superconducting magnetic trap allowing plasma generation and confinement; (2) the
plasma diagnostics’ system, able to measure the thermodynamic plasma properties (namely,
density and temperature); and (3) the array of 14 HPGe detectors for the measurement of the
β-decay. Detailed descriptions of each of these three sub-systems will be presented below.

Figure 1. Rendering of the PANDORA setup, including the superconducting magnetic system (in
red) inside its cryostat and iron yoke; the array of HPGe detectors; the main diagnostics (optical,
X-ray, interfero-polarimetry); the mass spectrometer and the RF system.

3.1.1. Magnetic Trap

The plasma trap uses a strong magnetic field (up to 3 T) for plasma confinement. It
consists of a hexapole (i.e., six radial coils) nested inside a group of axial coils (SEXT-IN-SOL
configuration). This so-called minimum-B configuration produces a superposition of an
axial magnetic field (from the axial coils) and a radial magnetic field (from the hexapole
coils). Starting from the plasma chamber center, the field grows in every direction, both
axially and radially.

The PANDORA magnetic system, shown in Figure 2a, is fully superconductive and
consists of:

• # 3 solenoids for axial confinement; and
• # 6 hexapole coils for radial confinement, the hexapole being coaxial with the solenoids.

A single cryostat, surrounded by an iron yoke, will be used for the whole magnetic
system (see Figure 2).

The magnetic system has been numerically validated by OPERA and CST microwave
studio calculations. The 3D design performed in OPERA is reported in Figure 2a,b. In
particular, Figure 2a shows a perspective view of the solenoids and hexapolar coils while
Figure 2b includes the cold mass and the lines of sight for radial plasma inspection.
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Figure 2. (a) Render 3D view of the magnetic system designed and numerically simulated in OPERA.
The plot shows the three axial coils (in blue) plus the hexapolar coils (in red), surrounded by the
iron yoke (in green). (b) The same setup of (a), showing also the cold-mass (in gray). The holes
(lines of sight) designed to allow radial inspection of the plasma by gamma-ray detectors and plasma
diagnostics are included as well.

This set of magnets has specific sizes, reported in Figure 3a, and it will create a
minimum-B field configuration, as shown in Figure 3b. The shape of the magnetic field
along the z axis and in a plane perpendicular to the Z axis evaluated at Z = 0 mm and
R = 140 mm are shown, respectively, in Figure 3c,d. Due to the specific design, which
includes the holes allowing for radial plasma inspection, Figure 3d shows neither a constant
azimuthal field (the field varies by 0.1 T over about 1.5 T of average value, corresponding to
the gap existing between hexapolar coils) nor a perfect matching with a cos(3θ) azimuthal
trend, the effect being dependent on the large radius of each hexapolar coil. This was
considered a good compromise for the definition of the procurement requirements, with
the final executive technical solution being left as part of the tender procedure to build the
trap. The magnetic system will surround a cylindrical plasma chamber with inner radius
RCH_IN = 140 mm and length L = 700 mm. The plasma will be heated, starting with 6 kW
of RF power at 18 GHz (produced by three klystrons), scalable up to 10 kW and multiple
frequency heating in the range of 14–21 GHz.

Figure 3. (a) Side view of the PANDORA magnetic system, together with the simulated coil dimen-
sions. Superconducting coils will be contained in a single cryostat surrounded by an iron yoke shown
in green. (b) Plot of |B| inside the plasma chamber over the Y = 0 plane. (c) Magnetic field module,
|B|, along the plasma chamber Z axis. (d) Radial field component module, |Bhex|, of the hexapolar
stand-alone structure at RCH_IN = 140 mm and z = 0 mm, along the azimuthal angle θ.
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The magnetic field specifications are summarized in Table 1, where Binj, Bext, Bmin,
and Bhex are the magnetic induction module values at the plasma chamber injection
(z = −350 mm), extraction (z = 350 mm), center (z = 0 mm), and along its inner wall
(radius RCH_IN = 140 mm). The magnetic system will be able to operate at any point inside
the operative ranges reported in Table 1, but ensuring plasma stability (e.g., fulfilling the
rule Bmin/BECR < 0.8). The trap is requested to operate in liquid-He free mode (i.e., by
cryocoolers’ modules).

Table 1. PANDORA magnetic field specifications.

Magnetic System Field Specifications

Binj max @ z = −350 mm
Binj operative range

3 T
1.7 T–3 T

Bext max @ z = 350 mm
Bext operative range

3 T
1.7 T–3 T

Bmin @ z = 0 mm 0.4 T
Bhex @ RCH_IN = 140 mm

Liquid He
1.6 T
Free

3.1.2. Isotope Injection System

Gaseous elements are directly injected into the plasma, by connecting gas bottles to
a gas injection system. Very precise gas dosing valves allow the injection of the desired
amount of the element into the plasma, thus optimizing the consumption. This technique
guarantees an efficiency (extracted ions/injected atoms) above 50%, a value leading to a
ratio between the ions of the injected gas and the ions of the buffer plasma, which is around
10% or higher.

In the case of solid elements, it is necessary to create a neutral vapor first, or an
“ejection” of neutral particles towards the plasma chamber. To this aim, two techniques
were mainly used, the resistive oven and the sputtering. In the first case, the ion density
amounted to 1–10% of the plasma buffers, depending on the kind of material. In the second
case (sputtering), the efficiency dropped to 10% or lower, with a relative concentration
around 1%.

In this paper, we briefly describe some key points of the protocol that was elaborated
mainly to verify the predicted decrease of the 134Cs lifetime. Such an isotope is commercially
available in liquid solutions of HCl: In order to turn it into plasma state, the solution will be
dried; the remaining compound will be loaded inside the resistive oven and heated under
vacuum inside the trap. At moderate temperatures (<500 ◦C), the compound sublimates and
cesium dissociates, making it available for ionization by plasma electrons. This technique is
well established and currently used to produce 133Cs 1+ ion beams in the framework of the
SPES project at INFN-LNL [12]. The technique will be further validated by initially carrying
out experiments with solutions of 133Cs, using two ECR sources currently installed at INFN-
LNS, SERSE, and AISHA, whose magnetic configuration is similar to the one designed
for PANDORA. For this purpose, the Standard Temperature Oven (STO) developed at
GSI [13] was used. In order to fit the oven into the injection flange of the AISHA ECRIS
some mechanical components were modified. Preliminary evaporations test with metallic
elements already produced at GSI, such as Zn and Fe, are planned for after the first half
of 2022. Since the STO was designed and optimized for the CAPRICE-Type 14.5-GHz
ECRIS, several experiments were carried out to investigate the performance of the STO in
an 18-GHz ECRIS under different ion source configurations and oven settings.

The results of these feasibility tests are fundamental to plan the next experiments’
campaign focused on the evaporation of isotopes such as 176Lu and 134Cs.

3.1.3. HPGe Gamma Ray Detectors’ Array

In order to estimate the lifetime of the isotopes, it was necessary to find an efficient
detection method to tag the β-decay. Since several physical cases involve the emission
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of γ-rays from daughter nuclei with known branching ratios, the total number of decays
becomes detectable via γ-rays by means of an array of HPGe detectors. Due to geometrical
constraints connected to the realization of the magnetic system, the detector array consisted
of 14 HPGe placed around the trap, 12 radially and 2 axially. Detectors could “look” into
the plasma through tapered holes made in the cryostat and the external yoke, as shown
in Figure 4a. They were placed at a distance of a few centimeters from the yoke in a
region of magnetic field whose intensity was about 100 gauss. Figure 4a,b shows details
concerning the geometry of the HPGe array around the trap and the shape of the holes
made to allow the detection of the gamma-rays. Figure 4c illustrates the results of ray
tracing of gammas emitted by the plasma and detected by the array of HPGe detectors, as
simulated in GEANT4 [14], while a cut-view of the overall system is displayed in Figure 4d.
The total detection efficiency was then determined including the size and shape of plasma
and the isotope density inside the trap, assuming detectors with 70% relative efficiency. It
ranged between 0.1% and 0.2% depending on the energy of the γ-rays to be detected (see
Figure 5).

Figure 4. (a–b) Schematic drawings of the trap with holes for HPGe detectors, also including the
detectors’ displacement and system sizes. (c) GEANT4 simulations of γ-rays emitted from the plasma
considering the magnetic system and detectors array. (d) Cut view of the experimental setup, showing
the magnetic system, the lines of sight. and detectors’ positioning.
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Although this value seems to be rather low, GEANT4 simulations showed that such
an array has the potential to detect the expected variation of the radionuclide half-lives
after a measurement time ranging from a couple of weeks for the simplest cases to about
3 months for the longer-living isotopes, as a function of the ionization degree [6,15] (see
also Section 4).

The HPGe detectors will work in a rather harsh conditions due to the X-rays’ and
γ-rays’ background of about 50 kHz (in each detector, in terms of detected counts per
second) produced inside the plasma trap due to the electron bremsstrahlung. Dedicated
electronics able to run in these experimental conditions have been already developed and
are currently used by the GAMMA collaboration, which will lend 16 HPGe detectors of the
GALILEO Array [16] for the first experimental PANDORA campaign and will share their
know-how in the optimization of the setup performances.

Figure 5. Trend of the detection efficiency of the HPGe array made of 14 detectors having 70% relative
efficiency, as a function of the γ-rays’ energy.

3.1.4. Multi-Diagnostic System

Diagnostics are crucial to correlate the variation of the decay lifetime to plasma
properties. Simultaneous measurements of density and temperature resolved in space and
time are thus needed to reconstruct the spatial structure of the plasma and its temporal
behavior, in stable and turbulent regimes. In ECR (Electron Cyclotron Resonance) plasmas
confined in Bmin traps, the energy of the electrons ranges from a few eV to hundreds
of keV or even to a few MeV [17] and, since ECRIS plasmas are in non-LTE (non-Local
Thermodynamic Equilibrium) conditions, the typical Electron Energy Distribution Function
usually consists of three different electron populations: hot, at kT~100 keV or more; warm,
from kT~100 eV up to tens of keV; cold, at kT~1 eV ÷ 100 eV [17].

A complete characterization of ECR plasmas calls for a multiplicity of different tools
and analysis methods. To this purpose, our multi-diagnostic setup [18,19] (see Figure 6)
will consist of:

• A High-purity Germanium (HPGe) detector for spectral temperature measurement of
hard X-rays, including time-resolved spectroscopy.

• A Silicon Drift Detector (SDD) for plasma density and temperature measurements in
the warm electron domain.

• Two X-rays pin-hole cameras for 2D space-resolved spectroscopy. Recent develop-
ments have also allowed investigating the intensity of the electron losses [20].

• A camera and spectrometer for the plasma-emitted visible light characterization with
a resolution of R = 13,900 (∆λ = 0.035 nm) at λ = 486 nm.

• A two-pins’ RF probe installed inside the plasma chamber in the injection plate,
connected to a Spectrum Analyzer (SA) in order to detect the plasma-emitted EM
wave in GHz ranges [21].
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• A RF probe connected with a diode and an oscilloscope in order to obtain the time-
resolved (but totally integrated) power emitted from the plasma; this value will be
used as a trigger signal for instability signature and to perform time-resolved X-ray
analysis, via an 80-Gs/s-20-GHz bandwidth oscilloscope.

• A microwave Interferometer and a Microwave Polarimeter for line-integrated total
density measurement.

Figure 6. Pictorial sketch of the integrated set of PANDORA diagnostics, highlighting the detec-
tors for X-ray spectroscopy and imaging, optical emission spectroscopy, and microwave imaging
and polarimetry.

All diagnostic tools can operate simultaneously with the Faraday cup in order to
measure the CSD of ions exiting the setup. The whole set of diagnostics with the related
measured plasma parameters, energy, and/or frequency ranges and obtained experimental
resolutions/experimental errors is reported in Table 2.

Further upgrades of the multi-diagnostics’ system are ongoing. In particular:

• The spectrograph SARG (Spettrografo Alta Risoluzione Galileo) [22] will be able to reach
a very high resolution: R = λ/∆λ = 160.000, in the range: 370–900 nm, suitable to
discriminate plasma-emitted spectra coming from different charge state distributions.

• SARG will operate in addition to the spectrometer by HORIBA© of nominal resolution
around 35 picometers (R = 13,900 at λ = 486 nm) that has been already commissioned
as a “bridging-the-gap” instrument supporting SARG.

• Concerning X-ray measurements, the INFN-LNS in collaboration with ATOMKI-
laboratories (Institute of Nuclear Research, Hungary) recently completed the develop-
ment of a new Single Photon Counting (SPhC) images’ analysis algorithm, in order to
perform pixel-by-pixel energy-resolved investigations [23].

• Microwave Imaging Profilometry (MIP), devoted to an online measurement of lo-
cal values of the electron density, was successfully experimented on the ECRIS-like
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trap ([24,25]). MIP requires the use of probing frequencies much higher than the cy-
clotron resonance and well above the plasma frequency. Taking into account expected
peak values of 1012–1013 cm−3 electron density at an ECR frequency of 18 GHz, the
so-called V frequency band (50–75 GHz) and W-band (75–110 GHz) can be exploited to
reconstruct on-line the plasma shape. This system can be synergic with the polarimeter
already planned in the PANDORA multi-diagnostic system.

• An alternative technique for investigating the absolute plasma density, the electron
energy distribution functions, and even the electron global drift velocity, is Incoherent
Thomson Scattering (ITS). This non-invasive and direct technique, which relies on the
scattering of an electromagnetic field on free charges, has a long history of applica-
tion in the study of diverse high- and low-temperature plasmas. It is now possible
to achieve unprecedented sensitivity (measurements in plasma environments with
electron densities as low as 1010 cm−3). The implementation of a recently developed
sensitive diagnostic of this type, known as THETIS [26], will be performed. This tech-
nique will be well-suited to the measurement of electron temperatures in the hundreds
of eV range, with a potential measurement sensitivity < 1 eV and volumetric resolution
on the order of 1 mm3. The planned implementation will validate the method as a fu-
ture diagnostic for PANDORA and also provide key electron property measurements
in density and temperature ranges, which will complement the capabilities of other
non-invasive diagnostic tools used for electron characterization.

Table 2. List of non-invasive diagnostic tools used in the PANDORA setup, with their most relevant
characteristics in terms of sensitivity range, measured plasma parameters, and detection resolu-
tion. All these tools have been widely tested in dedicated testbenches, while Thomson Scattering
diagnostics’ implementation is ongoing in the PANDORA scenario.

Diagnostic Tool Sensitive Range Measurement Resolution-Measure Error

SDD 1 ÷ 30 keV Volumetric soft X-ray Spectroscopy:
warm electrons’ temperature and density

Resolution~120 eV
εne~7%, εTe~5%

HPGe detector 30 ÷ 2000 keV Volumetric hard X-ray Spectroscopy: FWHM @ 1332.5 keV < 2.4 keV
hot electrons’ temperature and density εne ~7%, εTe~5%

Visible Light Camera 1 ÷ 12 eV Optical Emission Spectroscopy:
cold electrons’ temperature and density

∆λ = 0.035 nm
R = 13900

X-ray pin-hole camera 2 ÷ 15 keV 2D Space-resolved spectroscopy:
soft X-ray Imaging and plasma structure

Energy Resolution~0.3 keV
Spatial Resolution~0.5 mm

W-band super-heterodyne
polarimeter

W-band
90 ÷ 100 GHz

Plasma-induced Faraday rotation:
line-integrated electron density εne~25%

Microwave Imaging
Profilometry (MIP) 60 ÷ 100 GHz Electron density profile εne ~1% ÷ 13%

Multi-pins RF probe
Multi-pins RF probe +

Spectrum Analyzer (SA)
Multi-pins RF probe +

Scope + HPGe detector

10 ÷ 26.5 GHz
10 ÷ 26.5 GHz

(probe range)
10 ÷ 26.5 GHz

(probe range)

Local EM field intensity
Frequency-domain RF wave

Time-resolved radiofrequency burst
and X-ray time-resolved Spectroscopy

ε~0.073 ÷ 0.138 dB
SA Resolution bandwidth:

RBW = 3 MHz
80 Gs/s (scope)

time scales below ns

Thomson Scattering 0.5 ÷ 500 eV EEDF, absolute electron density
global electron drift velocity

Condition-dependent (a function of spectral
width, dependent on temperature, and area,

dependent on density)

4. First Physics’ Cases

The possibility to investigate beta decay rates in stellar-like conditions opens a new
scenario in astrophysics and nuclear astrophysics. A major impact on the stellar evolution
model can be foreseen if the theoretically predicted lifetime variation will be observed
using a plasma trap like the one in PANDORA. The decay is expected to depend on the
combination of plasma density and temperature. This combination establishes a given
CSD in the plasma in non-LTE (nLTE) conditions, which are the ones occurring in the
laboratory plasma. An equivalent CSD can be then extrapolated to LTE scenarios applying
to astrophysical plasmas. The most relevant observable is the nuclear decay constant λ(n,T),
with n and T being the plasma density and temperature, respectively, which shows a very
weak dependence on n but a really strong one on T. At a given T, not only the CSD, but also
a complex configuration of atomic/electronic excited states in the various ions is achieved
in plasma. Hence, ECR plasmas give the unique opportunity to investigate the actual effect
of electron temperature on the decay rate, a complementary approach to Storage Rings’
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measurements, which investigate the β-decay rate variation due to a single charge state at a
time [10]. This provides a more complicated but more coherent and “realistic” picture of the
decay, closer to astrophysical contexts than any result based on single-charge evaluation.
In the first experimental campaign, we will focus on three cases selected after considering
their scientific relevance, the predicted lifetime variation, the natural isotope abundances,
and the energy of the gamma-ray emitted by the daughter nuclei populated after the beta
decay. The nuclei selected are 176Lu, 134Cs, and 94Nb. The theoretical estimates of their
lifetimes, based on the model developed in [27], are reported for each of the selected cases
in Figure 7. In particular, the three curves represent ratios of stellar half-life to terrestrial
half-life dependence as a function of plasma temperature T6, in nLTE conditions. It is
evident that at the PANDORA expected electron temperatures their lifetimes are predicted
to collapse by several orders of magnitudes, even 6–7 orders of magnitudes around 10 keV
in the case of 176Lu.

Figure 7. Theoretical estimates (based on [27]) of the 176Lu, 134Cs, and 94Nb ratios of stellar half-life
to terrestrial half-life dependence as a function of plasma temperature T6 [106 K] (Energy [keV]) at
densities of PANDORA’s plasmas (1012 cm−3). The red line corresponds to the trend of 176Lu. The
dashed, gray line shows the trend of 94Nb, while the blue, dotted line indicates the trend of 134Cs.

176Lu is a very long-lived nucleus in laboratory conditions and, in principle, might
act as a cosmo-chronometer, even if it is known from nuclear physics’ experiments that
it is subject to a complex behavior in hot stellar plasmas due to an isomeric state at very
low excitation energy, which actually makes it more likely as a thermometer than as a
chronometer [28,29]. The s-process branching point at 176Lu is among the most important
ones for a precise understanding of slow neutron captures in low and intermediate mass
stars. It determines the abundance of 176Hf, which cannot be produced by the r-process
because the 176Lu has no viable decay channels in its ground state.

134Cs has a measured half-life of 2 years (as a neutral atom) but predictions suggest that
it is reduced to 84 days at a temperature near kT = 25–30 keV [30,31]. Such values roughly
mimic the conditions met in the He-shell instabilities (named Thermal pulses) occurring in
the final stages of low and intermediate mass stars (M < 7–8 M�), approaching for the second
time the Red Giant Branch and called, for this reason, Thermally Pulsing Asymptotic Giant Branch
(or TP-AGB) stars [32,33]. Using the present estimates, nucleosynthesis models in stars were
not capable to reproduce adequately the observed abundance ratio of the two s-only isotopes,
134Ba and 136Ba. This issue is supposed to have a nuclear origin, and new predictions of
the 134Cs half-life, based on more sophisticated nuclear theoretical models, showed a better
agreement between models and observations [31]. However, these suggestions call now for
an accurate experimental verification, as only a real measurement in a plasma could shed
light on the role played by the ionization state on the β-decay half-life.

94Nb nucleus provides the main production channel of 94Mo, in conditions typical of
the s process, as this isotope cannot be populated through the r-process (it must, therefore,
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derive either from the s-process or from the p-process). The situation met by reaction
network calculations in this area is rather peculiar, due to the critical role played by the
rather long-lived isotope 93Zr, with a half-life of the same order of magnitude as the typical
duration of the TP-AGB phase in low mass stars. Its uniqueness requires a much better
knowledge of the 94Nb β-decay lifetime, achievable only though a direct measurement in
stellar conditions.

According to the estimated lifetimes in plasma, since the harsh environment (the noise
is represented by the intense plasma self-emission) strongly affects the signal-to-noise ratio,
simulations of a real experimental run were performed to estimate the run duration to get
statistically meaningful results, in terms of σ-levels of significance. Figure 8 reports one of
these simulations for the case of 176Lu. The first (from the left) green vertical axis reports
a decreasing lifetime expressed in years, starting from the lifetime of the neutral isotope.
Assuming a plasma of 1500 cm3 in volume with a concentration of 1% of Lu with respect to
the buffer density (1013 ions/cm3), it was possible to estimate, at a given value of lifetime,
the effective in-plasma Lu activity. This is shown in the second, blue vertical axis. Finally,
including the efficiency of the HPGe detector array estimated by the above mentioned
GEANT4 simulations, we evaluated the counting rate of the detector array shown in the
third, black vertical axis. The x-axis reports the measurement time. Pseudo-colors give the
total number of counts at the peak of interest (i.e., the Hf-emitted gamma-rays, around
307 keV). To estimate the plasma self-emitted X-ray background, it was considered the
emission of a plasma at 10 keV of temperature (starting from a measured scenario at smaller
plasma sizes and densities than PANDORA, but rescaling the numbers), and the error over
this background was taken as the square root of counts in the energy resolution window,
while the counts due to the real decays occurring in the plasma were summed up linearly
with time.

Figure 8. Measurability plot reporting the confidence levels that it is possible to obtain vs. the decay
rate (or the lifetime) of the 176Lu and the measurement time.

The dashed lines indicate the n-sigma confidence levels at each combination of de-
tected rate and measurement time. Depending on the relevance of lifetime decrease, the
measurements are deemed to last from a few days (in the case of 6 orders of magnitude col-
lapse) up to 3 months. Similar plots can be obtained for 134Cs and 94Nb. Due to their shorter
lifetime even in the neutral case, the needed quantities for these two nuclides are much
smaller than for the 176Lu: e.g., a density of 106 cm−3 of 134Cs ions should be sufficient to
get 3-sigma levels of significance already after 10–15 h, at the expected in-plasma lifetime.
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Study of Plasma Opacity for Compact Binary Objects

Plasma opacity has a great impact on energy transport and spectroscopic observations
in many astrophysical objects. Particularly relevant is the role played by the opacity during
electromagnetic transients emitted from compact binary mergers (kilonovae (KN)), as it
delivers information on the post-merging plasma ejecta composition (relying on r-process
nucleosynthesis yields) [34]. A large uncertainty factor, greatly complicating theoretical
interpretations, arises from an almost total ignorance on ejecta opacity data at the typical
conditions of a KN event. Trapped magneto-plasmas conceived in PANDORA may open
the route to experimental in-laboratory measurements of opacities at electron densities and
temperatures resembling some ejecta plasma conditions, contributing, therefore, to shed
light on r-process-generated metallic species at specific time stages of KN diffusion [35]. In
Figure 9a numerical results about expected opacities for the most relevant physics cases
are presented, as a function of plasma Te. Figure 9b reports about mean opacities for some
relevant r-process elements as expected at different electron fractions Ye.

Figure 9. (a) Mean opacity (in cm·g−1) vs. plasma temperature (at n0 = 1012 cm−3) assuming a plasma
emission spectrum arising from numerical radiative transfer equation simulations. (b) Weighted mean
opacity (α) for r-process element abundances (elements vs. neutron richness) at kT = 0.65 eV and n0.
The weighting was performed by using relative abundances of species resulting from SKYNET [36]
nuclear network calculations of r-process nucleosynthesis yields as a function of Ye.

5. Conclusions

A new experimental setup to study the β-decay rate of radioisotopes of astrophysical
interest in an ionized plasma is under development. Here, we presented an overview of
the setup built around a compact plasma trap, its main features, the gamma detection array
used, the experimental method proposed, and its expected impact in nuclear astrophysics.
The PANDORA setup is expected to come into operation in 2024, with the first experimental
campaign focused on the study of three physics cases, 176Lu, 134Cs, and 94Nb. An important
breakthrough in stellar evolution and nucleosynthesis models is foreseen if the predicted
lifetime variations are observed.
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