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Abstract: PANDORA (Plasmas for Astrophysics Nuclear Decays Observation and Radiation for
Archaeometry) is an INFN project aiming at measuring, for the first time, possible variations in
in-plasma β-decay lifetimes in isotopes of astrophysical interest as a function of thermodynamical
conditions of the in-laboratory controlled plasma environment. Theoretical predictions indicate
that the ionization state can dramatically modify the β-decay lifetime (even of several orders of
magnitude). The PANDORA experimental approach consists of confining a plasma able to mimic
specific stellar-like conditions and measuring the nuclear decay lifetime as a function of plasma
parameters. The β-decay events will be measured by detecting the γ-ray emitted by the daughter
nuclei, using an array of 12 HPGe detectors placed around the magnetic trap. In this frame, plasma
parameters have to be continuously monitored online. For this purpose, an innovative, non-invasive
multi-diagnostic system, including high-resolution time- and space-resolved X-ray analysis, was
developed, which will work synergically with the γ-rays detection system. In this contribution,
we will describe this multi-diagnostics system with a focus on spatially resolved high-resolution
X-ray spectroscopy. The latter is performed by a pin-hole X-ray camera setup operating in the
0.5–20 keV energy domain. The achieved spatial and energy resolutions are 450 µm and 230 eV
at 8.1 keV, respectively. An analysis algorithm was specifically developed to obtain SPhC (Single
Photon-Counted) images and local plasma emission spectrum in High-Dynamic-Range (HDR) mode.
Thus, investigations of image regions where the emissivity can change by even orders of magnitude
are now possible. Post-processing analysis is also able to remove readout noise, which is often
observable and dominant at very low exposure times (ms). Several measurements have already
been used in compact magnetic plasma traps, e.g., the ATOMKI ECRIS in Debrecen and the Flexible
Plasma Trap at LNS. The main outcomes will be shortly presented. The collected data allowed
for a quantitative and absolute evaluation of local emissivity, the elemental analysis, and the local
evaluation of plasma density and temperature. This paper also discusses the new plasma emission
models, implemented on PIC-ParticleInCell codes, which were developed to obtain powerful 3D
maps of the X-rays emitted by the magnetically confined plasma. These data also support the
evaluation procedure of spatially resolved plasma parameters from the experimental spectra as well
as, in the near future, the development of appropriate algorithms for the tomographic reconstruction
of plasma parameters in the X-ray domain. The described setups also include the most recent upgrade,
consisting of the use of fast X-ray shutters with special triggering systems that will be routinely
implemented to perform both space- and time-resolved spectroscopy during transient, stable, and
turbulent plasma regimes (in the ms timescale).
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1. Introduction

PANDORA is a facility whose construction is financed by INFN in the frame of the
PANDORA_Gr3 project [1,2]. It aims to build an innovative compact and flexible magnetic
plasma trap for fundamental physics studies and also interdisciplinary and applied research.
A radically new and challenging approach is at the basis of the project, which aims at
studying β-decays in laboratory plasma (never conducted so far), i.e., under ionization
conditions that can mimic some stellar environments, relevant for the nucleosynthesis of
chemical elements in the cosmos. The basic idea is that a compact plasma trap can be
used to study the properties of radionuclides undergoing β± decay or electron capture in
an environment where plasma parameters—electron density ne, electron temperature Te,
and ion charge state distribution (CSD)—are fully under control. In such an environment,
both ionizations and atomic excitations can occur, playing a relevant role in the nuclear
process dynamics. Indeed, the existence of clouds of charges, both positive and negative,
can induce perturbations to the atomic-level and impact-level populations, which can
affect the β-decay half-life for a fixed type of transition. Takahashi and Yokoi pioneeringly
investigated, in their seminal work [3], the in-plasma effects due to the temperature and the
electron densities typical of stellar interiors on β-decay rates and predicted even dramatic
deviations from the terrestrial values depending on the physics cases investigated. Only
a few pieces of experimental evidence were collected up to now using storage rings as
setups [4–6].

As for demonstrating the feasibility of the radically new experimental approach of
PANDORA, a short list of case studies has been identified, including 94Nb, 134Cs, and
176Lu. For all those three, terrestrial β-decay lifetimes and relative branchings in stellar
s-processes have been investigated for a long time. Recent calculations suggest that, at
electron temperatures kTe∼10 keV corresponding to the PANDORA working conditions,
their lifetimes may collapse by several orders of magnitude, making the variation measur-
able with this new setup [2]. In the laboratory, the plasma temperature and density can be
modulated according to the RF power sustaining the plasma, the magnetic field strength,
the background pressure, etc. This will allow one to characterize nuclear rates versus the
plasma density and temperature in a stellar-like condition at least as it concerns the CSD
(e.g., like in the stellar cores or resembling primordial nucleosynthesis conditions).

β-decay rates will be evaluated through the detection of the γ-rays emitted by the
excited states of daughter nuclei in the plasma. An array of high-efficiency HPGe (High-
purity Germanium) detectors placed around the magnetic trap will be used to detect
these γ-rays [7]. In addition, an innovative multi-diagnostic system, which consists of
dozens of non-invasive tools, was developed [8,9] and will be used to thermodynamically
monitor and characterize plasma environment properties. An overview of the three main
sub-systems of the PANDORA facility is shown in Figure 1.

Figure 1. Summary of the three main sub-systems of the PANDORA facility.
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Furthermore, studying the stellar opacity of an astrophysical scenario involved in
quiescent or explosive stellar evolution becomes of fundamental importance, both for
astrophysics and nuclear astrophysics interests. One example is provided by the expelled
plasma matter (ejecta) from binary compact object collapse, e.g., neutron stars, the precursor
of both gravitational wave events and the electromagnetic transient known as kilonovae.
These latter, given a detailed reconstruction of the ejecta opacity, allow us to study the
nuclei composition of the cosmic site, believed to be among the major sites of r-process
nucleosynthesis. The basic idea is to exploit the plasma of PANDORA to reproduce a
certain time stage of the ejecta expelled from the merging, as a function of density and
temperature [10], and to measure the plasma opacity of species theoretically dominant at
that time in the opacity contribution, trying to reproduce abundances of r-process elements
and to improve opacity information for reproducing the kilonova light curve.

The procurement and installation at the INFN-LNS of the whole system of the PAN-
DORA facility is expected by the middle of 2025. The first experimental measurements will
be possible by the end of 2025.

2. PANDORA Experimental Setup

The PANDORA trap consists of a cylindrical discharge vessel made of stainless steel
with an outer radius of 15 cm, an inner radius of 14 cm, and a length of 70 cm. The
external magnetic field used for ECR (Electron Cyclotron Resonance) heating and plasma
confinement is fully superconductive and consists of three solenoids for axial confinement
and a hexapole for radial confinement (with a maximum field of 3.0 T along the chamber
axis and 1.6 T along the chamber inner surface) [11]. Microwaves are generated by three
klystrons, two operating in the frequency range from 17.3 to 18.1 at 2.4 kW of power and
one operating in the frequency range of 21–22 GHz at 1.5 kW power. The superconducting
magnetic plasma trap is able to produce and confine the plasmas with an electron–ion
density of up to 1013 cm−3 and electron temperature of Te ∼ 0.1–30 keV.

Since ECR plasmas emit radiation from microwaves to hard X-rays, this radiation can
be used to investigate plasma parameters in different energetic regimes. The developed ad-
vanced multi-diagnostic system includes dozens of non-invasive devices that will operate
simultaneously for the non-intrusive monitoring of the thermodynamic plasma properties
and the measurements of the electron plasma density and temperature. A sketch of the
PANDORA facility including the superconducting magnetic system (red), the experimental
setup for measuring the in-plasma activity (γ detector array), and on-line monitoring of
the thermodynamic plasma parameters (i.e., two X-ray CCD cameras, an optical spectrom-
eter, interferopolarimetry, a two-pin RF probe, and two SDDs (Silicon Drift Detectors))
is shown in Figure 2. The most relevant characteristics—in terms of sensitive range and
resolution—and the experimental measurements that can be used with the typical uncer-
tainties are summarized in Table 1 and Figure 3 (on the left for the RF, microwave, and
Thomson scattering techniques and on the right for the optical, soft, and hard X-ray tools).

In more detail, the complex multi-diagnostic setup (see Figure 3 for the sketch and
Table 1 for the features) will consist of the following:

1. Two spectrometers with different spectral resolutions for the plasma-emitted vis-
ible light characterization: the first is the spectrograph SARG (Spettrografo Alta
Risoluzione Galileo) with a really high spectral resolution of R = ( λ

∆λ ) = 160,000 in
the spectral range 370–900 nm [12]. Such a value allows one to identify spectral lines
separated up to 0.003 nm at λ = 500 nm. By this resolution, SARG is in principle
able to identify spectral line shifts (due, for example, to isotopic line shift or Doppler
effects) in the order of 0.004 nm, where typical ∆λisot < 0.01 nm and velocity fields are
down to 3 km/s, corresponding to typical ion temperatures in the order of a few eV.
Also, this resolution provides reliable results in line with broadening estimates due
to collisional (thermal) or Stark effects, down to 0.005 nm, or direct magnetic field
estimates due to Zeeman splitting in the order of Bmin = 0.2 T [13]. The second consists
of a Horiba iHR550 spectrometer, coupled to a Synapse Horiba CCD camera, with a
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nominal resolution around 0.035 nm (R = 13,900 at λ = 486 nm) in the spectral range
300–750 nm [10]. This spectrometer was already commissioned and can be considered
as a complementary tool to the SARG spectrograph.

2. One Incoherent Thomson Scattering (ITS) system used for the direct and non-invasive
measurement of electron properties [14]. It is made of (i) a 532 nm Quantel with a
10 Hz Nd:YAG laser of 430 mJ nominal pulse energy, (ii) an Acton Standard Series SP-
2756 imaging spectrometer, equipped with three gratings in order to access different
spectral ranges (and hence different ranges of electron energies), (iii) a PI-MAX 4: 1024f
iCCD camera for photon detection, and (iv) a fiber bundle for light collection from
the plasma volume and transmission to the camera detector (Princeton Instruments,
Acton, MA, USA). The detection of scattered light occurs at an angle of 90◦ to the
incident laser beam. The area under the spectrum can, with proper calibration, be
directly related to the absolute electron density in the volume under investigation. The
spectral broadening provides information on the electron energies (the electron energy
distribution function), whereas the spectral shift away from the laser wavelength
provides information on the global electron velocity. Using the current gratings
with dispersions of 2400 lines/mm, 600 lines/mm, and 300 lines/mm, the accessible
electron energies (Gaussian spectral widths σ) range from 3 to 380 eV. Another grating
with the dispersion of 150 lines/mm will allow one to extend the measurement of
electron energies in the range of 1500 eV.

3. Two Silicon Drift Detectors (SDDs) used to characterize the warm (0.5–30 keV) elec-
trons in the plasma, measuring electron density and temperature [15] by comparing
the experimental spectra with the theoretical ones [16]. SDDs have an energy resolu-
tion of 160 eV at 5.9 keV, a maximum quantum efficiency in the 2–30 keV energetic
range (with a Be window with a thickness of 1 mm), and can operate at a high count-
ing rate. An SDD can also operate in high vacuum conditions as it has a polymeric
window which allows for investigations in the lower energy domain (starting from
0.4 keV).

4. Twelve High-purity Germanium (HPGe) detectors [7,17] with an average resolution
(Full Width at Half Maximum, FWHM) lower than 2.5 keV at 1.3 MeV, placed radially
around the PANDORA plasma chamber. The HPGe detectors have a length of 240 mm
and a radius of 43.4 mm and are composed of a coaxial hyper-pure crystal with an
∼82 mm length and ∼38 mm radius. The cap aluminum has a thickness of 1 mm. The
array of HPGe detectors will be used for the γ tagging of daughter nuclei. Moreover,
the HPGe detector allows one to characterize the hot electrons population (30–400 keV)
in the plasma [15,16].

5. Two X-ray pin-hole CCD systems for 2D/3D space-resolved spectroscopy. The
X-ray CCD camera (SOPHIA-XO by Princeton Instruments) is made by a sensor
of 27.6 × 27.6 mm and 2048 × 2048 pixels, with an optimal quantum efficiency in the
range of 100 eV–30 keV and coupled with a lead pin-hole focusing system and an
external X-Ray shutter. A detailed description of the X-ray pin-hole camera system
will be presented in Section 3. The X-ray pin-hole camera technique allows one to
characterize the plasma morphology and to perform space-resolved spectroscopy
(thus evidencing the local displacement of electrons at different energies, as well as of
plasma ions highlighted by fluorescence lines emission) [18,19] versus the main tuning
parameters such as the pumping wave frequency and the strength of the confining
magnetic field. It is very useful to investigate the dynamics of plasma versus plasma
losses, and, consequently, to study how the operative parameters (the RF pumping
frequency and power, magnetic field, and also phenomena such as plasma turbulence)
affect the plasma confinement, stability, and turbulence onset.

6. A two-pins RF probe [20] connected to a Spectrum Analyzer (SA) in order to charac-
terize the EM emission inside the plasma chamber performing frequency-resolved
spectra. The two-pins RF probe is flexible with an outer diameter of 4 mm, a pin length
of 3.5 mm, and a pin distance of 2 mm. The Spectrum Analyzer operates in the range
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of 13–15 GHz with a resolution bandwidth of 3 MHz and a sweep time of 400 ms.
This setup is able to detect both the main pumping RF frequency and self-plasma
emitted radiations inside the plasma chamber, consisting of sub-harmonics. Since
the RF plasma self-emission sub-harmonics can provide signatures of plasma kinetic
instabilities (characterized by fast RF and X-ray bursts [21,22]), this tool can be used
to detect and characterize turbulent plasma regimes in order to: (a) find a way to
damp them [23–25] and, consequently, improve the ECRIS (ECR ion source) stability
performances [26,27], and (b) reproduce and study these interesting phenomena of
interest for astrophysics (such as the so-called Cyclotron Maser Instability, which
is a typical kinetic turbulence occurring in astrophysical objects [28]) in laboratory
plasmas. The two-pins RF probe connected with the scope and HPGe detector allows
one to investigate plasma instability regimes. The radiofrequency and X-ray bursts
produced by the unstable plasma can be characterized in a time-resolved way.

7. A W-band superheterodyne polarimeter for the measurement of the total line-integrated
electron density based on the measurement of the Faraday rotation. The new design
involves the use of a THz polarimetry system based on the superheterodyne approach
and on the measurement of the Lissajous figures [29]. The system consists of a signal
generator for the probing wave and two high-directivity horn antennas, of which the
rotatable receiving antenna is connected with an orthomode transducer (OMT) (a
waveguide component to combine or separate two orthogonally polarized microwave
signal paths). The setup operates following the superheterodyne scheme, which
allows one to downshift the detected frequency (1 GHz) compared to the probing one
(100 GHz) to be detected in a scope, or through a diode by a different approach [30].

Figure 2. Rendering of the PANDORA facility including details of the superconducting magnetic
system (red), the experimental setup for measuring the in-plasma activity (14 HPGe detector array),
and on-line monitoring thermodynamic plasma parameters (multi-diagnostic system).
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Table 1. The most relevant characteristics in terms of sensitive range, resolution, and experimental
measurements that can be used with the typical uncertainties for each tool and technique.

Diagnostic Tool Sensitive
Range Measurement Resolution-Measure Error

2 visible light 1–12 eV Optical Emission Spectroscopy: ∆λ = 0.035 nm
camera cold electrons’ temperature and density R = 13,900

1 Inelastic Thomson 0.5–500 eV EEDF, absolute electron density Condition-dependent (a
Scattering function of spectral width,

dependent on temperature,
and area, dependent on density

2 SDD 1–30 keV Volumetric soft X-ray spectroscopy: Resolution∼120 eV
warm electrons’ temperature and density ϵne ∼ 7%, ϵTe ∼ 5%

12 HPGe 30–2000 keV Volumetric hard X-ray spectroscopy: * FWHM < 2.4 keV
detector hot electrons’ temperature and density ϵne ∼ 7%, ϵTe ∼ 5%

2 X-ray pin-hole 2–15 keV 2D space-resolved spectroscopy Energy resolution∼0.3 k
camera and soft X-ray imaging Spatial resolution∼0.5 mm

2 Multi-pins RF probe 10–26.5 GHz Local EM field intensity ϵ ∼ 0.073–0.138 dB

Multi-pins RF probe + 10–26.5 GHz Frequency-domain RF wave SA resolution bandwidth:
Spectrum Analyzer (SA) (probe range) RBW = 3 MHz

Multi-pins RF probe + 10–26.5 GHz Time-resolved RF burst 80 Gs/s (scope)
Scope + HPGe detector (probe range) and X-ray time-resolved spectroscopy Time scales below ns

Multi-pins RF probe + 10–26.5 GHz Time-resolved RF burst and X-ray 80 Gs/s (scope)
X-ray pin-hole camera (probe range) spatial and time-resolved spectroscopy Time scales below ns

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

1 W-band superheterodyne W-band Plasma-induced Faraday rotation: ϵne ∼ 25%
polarimeter 90–100 GHz line-integrated electron density

* @ 1332.5 keV.

Figure 3. Sketch of the multi-diagnostic setup consisting of a collection of non-invasive tools. The RF,
microwave, and Thomson scattering techniques are shown on the left and the optical, soft, and hard
X-ray tools are illustrated on the right.

3. X-ray Pin-Hole Camera Measurements on the Flexible Plasma Trap Setup

The multi-diagnostic setup can be adapted to plasma traps and/or ECR ion sources of
different sizes and features. Preliminary measurements were carried out on the Flexible
Plasma Trap (FPT), installed at INFN-LNS. Figure 4 shows a schematic diagram of the FPT,
including the multi-diagnostic setup.
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Figure 4. Sketch (A) and picture (B) of the FPT, including the multi-diagnostic setup.

The FPT consists of a cylindrical discharge vessel made of stainless steel with a radius
of 41 mm and a length of 260 mm [10]. The external magnetic field used for ECR heating
and plasma confinement is generated by means of three solenoids (with a maximum field
of around 0.5 T), which also allow for the tuning of the magnetic profile. Microwaves are
generated by a Traveling Wave Tube (TWT) operating in a range from 3 to 7 GHz. The
operative values of microwave power are in the range from 0 to 400 W.

X-ray Pin-Hole Camera

Among other techniques, X-ray plasma diagnostics were developed over the years,
allowing for the volumetric characterization of ECR plasmas. The volume-integrated X-ray
diagnostics in the soft-X domain (from 1 keV to 30 keV) were adopted to estimate the
spectral temperatures in different plasma conditions and various ECR setups vs RF power,
gas pressure, and the magnetic field profile [16,31–39].

The work on X-ray imaging techniques was initiated by our team around 20 years
ago ([39,40]), and the same techniques have also been used in other plasma-based facilities,
enabling the morphological study of different kinds of magnetically confined plasmas, evi-
dencing their overall structure and the spatial distribution of the warmer electrons, which
play a main role in leading to X-ray emission via characteristic lines and bremsstrahlung
radiation [40–48].

The X-ray full-field pin-hole CCD system is a powerful technique for space-resolved
spectroscopy and spectrally resolved imaging in the soft X-ray domain (0.5–20 keV). It
consists of a CCD camera (Sophia–Princeton with 4 megapixels, a 13.5 µm pixel size, and
high frame rates of 8 MHz with up to four-port readout) coupled to a pin-hole focusing
system and an external X-ray shutter. The focal system consists of a pin-hole (a lead disk
2 mm thick with a circular hole of 400 µm) coupled to an aluminum window, 0.8 µm
thick, in order to stop low-energy photons (E < 200 eV). In addition, in order to reduce the
multi-scattering noise and improve the signal-to-background ratio, a lead disk collimator
(1 mm of thickness and 5 mm of hole diameter) was located at distances of 40 mm from the
pin-hole on the CCD side. A mechanical holder was specifically designed to install in a
vacuum the whole system (the Pt-Ir shutter, Pb pin-hole, Al window, and Pb collimator). A
sketch is shown in Figure 5.
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Figure 5. Pictures and mechanical drawings of the holder for the pin-hole CCD system, which houses
the lead pin-hole, X-ray shutter, window, and collimator.

The X-ray shutter is made of platinum–iridium (Pt-Ir) and has an aperture diameter of
6 mm. It is capable of blocking X-ray energy up to 30 keV, and the total opening time is
4.4 ms. It was installed, tested, and used during the experiment in order to block X-rays up
to 30 keV of energy during the camera readout time and optimize the performances of the
pin-hole CCD camera setup, diminishing the readout noise and thus increasing the space
resolution. The shutter opening is synchronized with the CCD’s exposure and readout
(minimum exposure time of 10 ms). The sketch of the diagnostic setup used to perform
high-resolution X-ray imaging is shown in Figure 6.

Figure 6. Sketch of the pin-hole CCD system.

The best cone of view intercepting the plasma was defined using a magnification M = 0.72
defined by the ratio q/p, where p = 376 mm and q = 270 mm are the distances center of the
plasma chamber pin-hole and pin-hole CCD, respectively. Measurements were performed in
Single Photon Counting (SPhC), allowing us to make energy-resolved imaging.

We developed a specific imaging algorithm [49] in order to recognize overflowed pixel
clusters for each photon and discard overlapped not-photon-counted events. The choice
of the exposure time is relevant to optimize the method: the SPhC condition requires a
low rate of overlapped events, which would be discarded. This method makes it possible
to generate space-resolved energy spectra and recognize the characteristic fluorescence
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emission by plasma elements also distinguishing the radiation coming from the losses due
to the deconfined electrons that impact the plasma chamber walls. The main steps are
reported in the following:

• Image Acquisition:
Recorded thousands of images with very short exposure times (tens to hundreds of
milliseconds). Purpose: minimize the chance of multiple photons hitting the same or
neighboring pixels in each image frame.

• Grouping/Clustering Process (Gr-p):
Necessary even with small exposure times due to occasional pixel clusters’ overlap.
Purpose: ensure direct proportionality between Analog-to-Digital Units (ADU) and
single-photon energy. Objective: Assign the charge of a pixel cluster to a single
photon-detection event. Overlapped clusters are discarded.

• Algorithm Input Parameters:
S parameter: Maximum cluster size (in pixels) considered as a single-photon event.
Larger clusters are filtered out. L parameter: it is a threshold to remove noise.

• Scanning and Processing:
Code scans each image pixel-by-pixel and processes each group of neighboring pixels
to determine if they represent a single- or multiple-hit event. During scanning, assigns
a variable N to each coordinate (X, Y) in the CCD matrix. N represents the number
of photons with energy E detected at position (X, Y). N is incremented if a photon of
energy E is detected in the same position in another frame K.

• Result:
After scanning all frames, a dataset made of a multi-dimensional array (X, Y, E, Ntot) is
obtained. Ntot is the total number of photons with energy E at position (X, Y). Plotting
Ntot vs. E over the whole image provides the full X-ray spectrum for the full-frame CCD.

• Energy-Filtered Imaging:
Selects pixels in an image with energy corresponding to a specific ∆E. Selecting energy
intervals corresponding to fluorescence peaks provides images of the distribution of a
single element’s fluorescence. For example, when applying energy filters in the Ar-Kα
and Kβ lines range, the spatial distribution of Ar-plasma can be visualized. Similar
filters for Ti or Ta lines visualize X-radiation from chamber walls.

The first data acquisitions were performed at the lowest exposure time allowed by
the shutter (10 ms). Figure 7 (middle) shows an SPhC image obtained by processing
2000 image frames for a total exposure time of 20 s.

Figure 7. Field of view in the visible light (left) on FPT measurements, typical X-ray image (middle),
and respective energy spectrum (right).

The energy spectrum integrated into the whole frame shows the fluorescence emission
of the excited elements: Argon from the plasma and Chromium and Iron from the vacuum
chamber (see Figure 7 (right)).
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Energy calibration was performed by recognizing the Kα fluorescence emission of
these elements. On one hand, regions of interest (ROIs) selection in these spectra makes
energy-resolved imaging possible to investigate the spatial features of plasmas. On the
other hand, if we select energy intervals corresponding to a specific fluorescence peak, it
is possible to obtain the image of the selected element only. The result of ROI selection is
shown in Figure 8, where Argon emission (left) is compared with the emission due to the
fluorescence from Iron and Chromium (right).

Figure 8. Energy-filtered imaging on FPT measurements: X-ray energy-filtered images in the emission
of Argon plasma (left) and steel plasma chamber materials (right). Respective energy spectrum with
ROI selection (bottom panels).

The use of the X-ray shutter is crucial to reduce the readout noise because of the long
full-frame readout time of the camera of about 2 s. The readout process of this kind of device
is based on a sequential, stepwise mechanism; it involves side-scrolling of the information
stored in each pixel by the reading and digitizing system. A low-readout noise-to-signal
ratio is possible only when the total readout time is much lower than the exposure time;
alternatively, when these two times are comparable, it is convenient to use the shutter to
be synchronized in order to totally block the incoming radiation during the readout time.
For the sake of comparison, the previous measurements performed at ATOMKI laboratory,
without the shutter that was unavailable at that time, were strongly affected by the readout
noise, producing a clearly visible ghost image (see Figure 9 (Left)). In such a case, a complex
post-processing algorithm was developed to reconstruct the real image and replace the
photons detected during the CCD chip scrolling. The developed algorithm is not only
able to remove the readout photons (obtaining the image shown in Figure 9 (middle))
but also to recognize and replace them in the correct pixel position. The acquisition even
during the readout process is in fact genuine despite being mismatched in position. It is
worth highlighting that the post-processed image (see Figure 9 (right)) quality dramatically
improves compared to the original quality, also increasing the spatial resolution.

In this set of measurements, plasma was studied in different experimental conditions
using another CCD camera (ANDOR iKon M by Oxford Instruments of 1024 × 1024 pixels,
13.3 µm pixel size). The exposure time was 0.5 s with a readout time of 0.4 s and the
magnification was M = 0.24. Single Photon Counting conditions were guaranteed by a
thicker Titanium window (9.5 µm), which stopped X-rays up to 2 keV. In this case, in order
to remove the readout noise and improve the signal-to-background ratio, an innovative
post-processed algorithm was specifically developed [18]. A complete characterization of
plasma emission vs. losses dynamics was performed [15,18], and a spatial and energetic
resolution of 450 µm and 230 eV at 8.1 keV were, respectively, reached (see Figure 9 (right)).
Recently, the new system with the algorithm of analysis has also allowed one to locally
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investigate the plasma parameters (in terms of their electron temperature and electron and
ion densities) by comparing the experimental spectrum vs. the theoretical one. A novel
numerical tool was developed to analyze spatially anisotropic electron populations in ECR
plasmas [50] at INFN-LNS.

Figure 9. X-ray Argon-energy-filtered image acquired without shutter at the ATOMKI ECRIS: before
(left) and after applying the post-processing algorithm for readout noise removal (middle) and
readout noise replacement in the correct position (right).

4. X-Ray Maps for PANDORA Plasma Trap

Charged particle interactions in ECR plasmas are a rich source of radiation ranging
from visible to hard X-rays, with each forming the basis for a non-intrusive diagnos-
tic technique. When it comes to X-rays, ECR plasmas produce both line emissions and
bremsstrahlung radiation—the former through collisions between ions and electrons lead-
ing to inner shell ionization and eventual fluorescence, and the latter on account of the
Coulomb deceleration of electrons in the ion field. A complete qualitative and quantitative
analysis of the spectra can reveal precious information about the relevant populations
involved, including the ion charge state distribution (CSD), inner-shell ionization rate,
particle densities, and energy distribution functions (EDFs). In the recent past, differ-
ent research groups have developed plasma diagnostic tools based on X-ray emission to
probe various ECRIS phenomena [37,51–53], including our group at ATOMKI, Debrecen
and INFN-LNS, Catania. Our employed quasi-optical setups have been described in the
previous sections [39,49,54].

Beyond indirect diagnostics, and in addition to the use of X-rays for the determination
of local plasma parameters, in the PANDORA scenario, the self-emission of X-rays from
the plasma forms the chief background in the high-energy spectrum where the secondary
γ-photons emitted from the β-decay are located. Since the estimation of the in-plasma
decay rates relies on tagging the emissivity of secondary-γ, it is imperative that the X-ray
background be calculated as precisely as possible [2,7].

In order to do so, self-consistent electron simulations as those described in Ref. [55]
were launched for the PANDORA design configuration, and after two exchange steps
between the MATLAB© particle pusher code and COMSOL Multi-physics© FEM solver,
three pairs of matrices (one each for energy and density) were obtained, corresponding to cold
(kBTe ∼ 10–100 eV), warm (kBTe ∼ 100 eV–10 keV), and hot electrons (kBTe ∼ 10–100 keV).
The spatial distribution of the number density ne (in m−3) and the energy density ⟨Ee⟩ (in
eV) are shown in Figure 10. The figure serves to demonstrate the structure of ECR plasmas
and the differences in the spatial distribution of the electron populations. The interaction
of electrons with the resonant microwave field, superposed with their transport in the
min-B magnetostatic field, leads to the formation of a central ellipsoidal region containing
a bulk of the plasma electrons (called the plasmoid), and an exterior, rarified zone with
extremely low density (called the halo). The boundary between the two is the resonance
surface where the energy transfer between microwaves and electrons takes place. The
curved trajectories in the axial and radial directions indicate the path of the electrons
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along the magnetic field lines, with the star-like structure in the mid-plane representing
the magnetic branches.

(a) (b)

(c) (d)

Figure 10. Number density maps of (a) cold electrons and (b) warm electrons, and energy density
maps for (c) cold electrons and (d) warm electrons obtained from self-consistent PIC simulations
run for the PANDORA configuration. Cold electrons are more diffuse whereas warm electrons are
peaked in the off-axis region. Similarly, cold electrons show a uniform distribution of energy density,
whereas that of warm electrons remains maximized near the resonance surface.

The electron number and energy density maps show that warm electrons are an order
of magnitude lower in density than their cold counterparts, and their density peaks in the
off-axis region (Figure 10a,b). The cold electrons are relatively more diffuse. This point can
also be appreciated in Figure 10c, which shows that their energy density is spread more
uniformly throughout the plasmoid whereas that of warm electrons is highly graded and
peaks sharply at the resonance surface (Figure 10d), indicating an efficient coupling with
the injected microwaves. These aspects can also be noted in Figure 11, which shows the
radial distribution of the cold and warm electron number and energy density.

To assess the amount of radiation emitted in terms of the number of photons per
unit volume per unit interval of time, the emissivity density J(hν) was defined for the
fluorescence as

Jline(hν) = neniωnl→n′ l′

∫ ∞

Inl

σnl,ionve f (E)dE (1)

where ne, ni are the electron and ion densities, respectively; hν is the energy of the photon
emitted during the transition nl → n′l′; ωnl→n′ l′ is the fluorescence factor; Inl is the
ionization energy; σnl,ion is the cross section for ionization from the nl atomic shell; ve is the
electron collision speed; and f (E) is the electron energy distribution function (EEDF). The
same for continuous bremsstrahlung emission was defined as

Jbrem(hν) = nenihν
∫ ∞

hν

dσK
dhν

ve f (E)dE (2)
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where dσK/dhν is the differential cross section for a photon of energy hν to be emitted
after an electron collides with an ion of atomic number Z. By assuming f (E) as a Maxwell
distribution with kBTe = (2/3)⟨E⟩; Z = 8 for O ions; and using the Lotz formula for
σnl,ion = σ1s,ion [56], the Kramer cross section for dσK/dhν [57], and ni = ne/4 (⟨Z⟩ = 4), the
3D space-resolved Jline(hν) and Jbrem(hν) were calculated. The fluorescence lines included
only the Kα from O ions (hence nl = 1s), whereas the bremsstrahlung was divided into
two classes for a more detailed analysis—low-energy photons spanning 100 eV–3.5 keV
and high-energy photons in the range 3.5–10 keV. In order to correlate electron energies
with their radiation counterpart, the contribution of the three electron populations to each
aforementioned radiation class was separately calculated.

(a) (b)

Figure 11. Radial distribution of electron (a) number density and (b) energy density near the plasma
mid-plane. The former is shown in log scale to highlight the difference in order of magnitude of
the two populations. It can be clearly seen that cold electrons are more uniform in their properties,
whereas warm electrons show signs of localization near the resonance surface (r ∼ 10 cm).

In Figures 12 and 13, the various 3D space-resolved maps of bremsstrahlung and
fluorescence as calculated using Equations (1) and (2) are shown. The contributions from
both cold and warm electrons to low-energy bremsstrahlung are comparable (Figure 12a,b),
whereas that of warm electrons is significantly stronger when it comes to high-energy
photons (Figure 12c,d). This trend is true in the case of Kα fluorescence emissivity as
well because warm electrons increase the cross section of K-shell ionization and therefore
generate more fluorescence in atoms (Figure 13).

Using 3D maps of ne and ⟨Ee⟩ obtained from PIC simulations and with the help of
Equations (1) and (2), several virtual scenarios can be explored: (i) these data represent a
valuable benchmark supporting the experimental imaging of the plasma and the local cal-
culation of actual plasma parameters; (ii) they will be used for implementing tomographic
routines assuming certain positions for the CCD cameras in the PANDORA setup; and
(iii) the plasma self-emission background can be estimated at any energy and compared
with expected γ-emission rates to optimize the β-decay measurement time, i.e., the signal
over noise ratios. Since the electron simulations are yet ongoing and complete information
on the hotter species is missing, the contribution of the same to the X-ray maps has not been
taken into account but will be the subject of future work. It is expected that a significant
part of the cold and warm electrons will be transferred into the hotter regime, which will
not only increase plasma self-emission in the 3.5–10 keV range but also lead to significant
counts well into the 2 MeV range where the secondary-γ from the decay is expected to be
located [2].
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(a) (b)

(c) (d)

Figure 12. Maps of low-energy Jbrem(hν) (in m−3s−1) from (a) cold electrons and (b) warm elec-
trons, and of high-energy Jbrem(hν) from (c) cold electrons and (d) warm electrons calculated using
Equation (2). The colorbar is in log10 scale. The bremsstrahlung maps mostly mirror the spatial
distribution of ne, as long as the energy density at the point is sufficient to generate photons of the
relevant energy. The emissivity peaks in the plasmoid and magnetic branches.

(a) (b)

Figure 13. Maps of oxygen Kα fluorescence emissivity Jline(hν) (in m−3s−1) from (a) cold electrons
and (b) warm electrons calculated using Equation (1). The colorbar is in log10 scale. The fluorescence
maps mirror the combined spatial distributions of ne and ⟨Ee⟩—unlike the bremsstrahlung, the
emissivity peaks in the off-axis region even for cold electrons because the near-axis region contains
electrons with ⟨Ee⟩ < I1s of oxygen.

5. Conclusions

This paper has described the multi-diagnostics setup designed and implemented in
view of the PANDORA facility construction. Among the several items, including OES,
interferopolarimetry, and volumetric X-ray spectroscopy, this paper has focused on the
development of X-ray imaging techniques toward space- and time-resolved spectroscopy.
A tool consisting of two CCD-based X-ray pin-hole cameras is now available, supported by
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an advanced post-processing algorithm capable of reconstructing single-photon images in
HDR mode. Energy-filtered images of the plasma were obtained and local spectra were used
to evaluate thermodynamic plasma parameters, namely electron density and temperature.
The up-to-date resolutions are δϵ = 230 eV at 8.1 keV and δσ = 450 µm and δt = 10 ms in
terms of energy, spatial, and temporal resolutions, respectively. The modeling of the 3D
plasma emissivity is progressing as well, and it is now possible to virtually reproduce the
3D maps of both fluorescence and bremsstrahlung emissivity of any plasma species, either
in a given magnetic configuration and assuming a certain RF power for plasma ignition.
This modeling is of fundamental importance to benchmark experimental data, helping
in the derivation of local plasma parameters, but it will also support the tomographic
reconstruction algorithms that are going to be developed in the near future. Near-term
perspectives, moreover, include the implementation of AI techniques and machine learning
approaches in pattern recognition in order to speed up and optimize the post-processing of
single-photon-counted CCD frames.
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