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Abstract
X-ray space-resolved emission characterization can provide relevant features of plasmas in terms of local distribution of electron density and temperature. In the PANDORA project framework, a high resolution full-field X-ray pin-hole setup was developed. It consists of a 400 μm hole in a lead disk coupled with a 1 MP X-ray CCD camera and a multi-layered Pb collimator. Advanced analysis techniques for single-photon-counted (SPhC) and high-dynamical-range (HDR) were developed, allowing X-ray imaging and space-resolved spectroscopy at high spatial and energy resolution (560 μm and 230 eV @ 8.1 keV respectively). We here present the first quantitative evaluation of local warm electron density and temperature of an Electron Cyclotron Resonance (ECR) Argon plasma. Thermodynamic parameters have been extracted by the analysis of the bremsstrahlung spectra, according to the theoretical emissivity model in the approximation of local Maxwell-Boltzmann distribution of electron energies. Several regions of interest (ROIs) of the image were selected, studying the space dependence of plasma parameters inside the ECR plasma volume, comparing temperature and density maps in different plasma regions. The analysis method is a powerful tool to investigate the confinement of magnetic plasmas and heating dynamics, with relevant implications about R&D of ECR Ion Sources as well as for fundamental plasma physics and nuclear physics research in these setups.
INTRODUCTION
The main goal of PANDORA (Plasma for Astrophysics Nuclear Decay Observation and Radiation for Archaeometry) project (Mascali D. et al., 2022) is that of measuring b-decay lifetime variations of radioisotopes injected in a ECR plasma environment (Geller, R., 1996). This kind of measurements requires a good space-resolved characterization of plasma thermodynamical properties. Pinhole X-ray imaging technique is widely applied in plasma physics (Takács, E. et al., 2005), (McPherson, L.A et al., 2016). The setup implemented in the present work consists of a pin-hole focused CCD detector (Biri S. et al., 2021) operating in Single Photon Counting (SPhC) mode for energy-resolved acquisitions, thanks to a properly developed analysis algorithm (Naselli E. et al., 2022). Such system allows to characterize the X-ray fluorescence (XRF) (Romano F. P. et al., 2014) generated by the ionizing processes inside plasma, giving access to information about ions distribution and deconfined electron fluxes, thus allowing to study the morphologic structure of a plasma. The analysis method allowed to resolve locally the X-ray spectral information in a 2D X-ray plasma image, thus giving a map of plasma confinement dynamics. In addition, it enabled a local spectrometric investigation, which allows to indirectly measure plasma electron temperature and density. The implementation of High Dynamic Range (HDR) imaging technique was needed to investigate plasma regions with an emissivity range of several orders of magnitude. Results about the first spectrometric evaluation of local warm electron temperature and density, performed on a ECR argon plasma heated by 200 W microwave power in the 14 GHz ECR ion source of Atomki, Debrecen (Biri S. et al., 2021), will be described in this work.
EXPERIMENTAL SETUP
The measurements were carried out at the ECR Laboratory of Atomki - Debrecen (Biri S. et al., 2021) in a B-minimum plasma trap especially designed for research aim. An argon plasma was excited in Two Close Frequency Heating mode by the injection of two pumping frequencies at 13.9 GHz and 14.25 GHz, with a total net power of 200 W. In order to study the confinement dynamics by XRF spectroscopy, a special design of the plasma chamber has been implemented: the walls were covered by different metals which generate specific fluorescence peaks, induced by the electron fluxes escaping from plasma. In particular, the lateral wall of the cylindrical chamber was covered by a Tantalum liner (E(La)=8.09 keV) and the extraction endplate was made in Titanium (E(Ka)=4.51 keV). The X-ray view line and the inner plasma chamber inspection was allowed through an aluminium mesh (transparency ≥ 65%), which guarantees the enclosure of microwaves resonant cavity, allowing a wide imaging field of view. FIG. 1 shows a sketch of the experimental setup, where the plasma chamber structure is reported.  
[image: ]
FIG. 1 - Sketch of the experimental setup. From the left: CCD camera, pinhole multi collimator system, plasma chamber coated of tantalum liner, closed by aluminium mesh in injection endplate and titanium extraction electrode.
The space-resolved detection of these spectral lines, together with the ones produced by the Ar ions of plasma (E(Ka) = 2.96 keV), provided a map of the X-ray emissivity.
The X-ray pin-hole camera system consists of an X-ray back-illuminated CCD (Andor, iKon-M SO series) made of 1024 × 1024 pixels (13,3 mm pixel size), sensitive in the range 0.4 - 20 keV and coupled with a 400 mm Pb pinhole, with an optical magnification M = 0.244 and a space resolution of ~560 mm. A 9.5mm Ti window was used to block visible and UV light. A specific analysis algorithm was developed (Naselli E. et al., 2022) for processing the SPhC output of the CCD and obtain the energy-space-resolved information. It is based on the graphic recognition of clusters of pixels activated by each single photon event, which contain the energy and position information of the impinging radiation. The SPhC condition required to set low exposure time per frame: two sets of 4000 and 1000 frames at respective exposure time of 0.5 and 0.05 seconds have been acquired to produce a single HDR energy-resolved image (Naselli E. et al., 2021).
ENERGY-FILTERED HDR IMAGING
Spectral information was collected on each pixel, with energy resolution 230 eV at 8 keV. This information can be then re-elaborated in two ways: 1) it can be integrated over user-defined spatial ROIs, in order to obtain the relative ROI-averaged X-ray emission, or 2) it is possible to select some specific energy intervals in order to map in space the spatial distribution of detected photons corresponding, for instance, to certain characteristic X-ray lines. The overall plasma X-ray emission is mainly composed of bremsstrahlung and XRF, whose characteristic lines detection allows to perform a selective elemental imaging, thus investigating the spatial features of plasma environment. Ar, Ti and Ta filtered maps were obtained by selecting each respective energy range of the main XRF characteristic lines, in order to study the dynamics of plasma confinement (Ar) and of the axial (Ti) and radial (Ta) losses. FIG. 2 shows the total energy spectrum of plasma emission (top), the XRF map of (a) Ar (E(K)=2.96 keV), (b) Ti (E(Ka)=4.51 keV) and (c) Ta (E(La)=8.15 keV) emission. Characteristic fluorescence lines are highlighted by the same respective colors on the full-frame energy spectrum (top). Since the field of view looks through the aluminium mesh of the injection flange, the plasmoid and the extraction flange on the opposite side are well visible in the pictures. All the images are affected by the “shadow” of the aluminium mesh (400 mm wire) along the line of view, which creates the well visible regular pattern as an intensity modulation.
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FIG. 2 – Total energy spectrum (top) - Images filtered in the emission of argon (a), titanium (b) and tantalum (c). Characteristic fluorescence lines are highlighted on the spectrum with the same colors of respective images. 
The plasmoid, the extraction flange and the chamber walls are well visible in the pictures with a spatial resolution of 560 mm, calculated at the center of plasma chamber. The quasi-circular cross-section of the plasmoid, well visible in FIG. 2-(a), well depicts the expected ellipsoidal cross-section of the ECR surface, defined by the magnetic isosurface corresponding to the cyclotron resonance. The tri-cuspidal structure, visible in FIG. 2-(b), corresponds to the footprint of axially deconfined plasma electrons impinging on the titanium plate, mostly determined by the shape of the confining hexapolar magnetic field at the intersection with the plate (see also FIG. 1, bottom-right). In FIG. 2-(c) the same effect is visible in the tantalum lateral wall of the plasma chamber.
ELECTRON DENSITY AND TEMPERATURE EVALUATION
According to a model of plasma emissivity (Mishra B. et al., 2021), it is possible to extrapolate the plasma thermodynamic parameters from the experimental emissivity density distribution Jexp, defined by the equation: 
[image: ]
where hn is the photon energy, NP(hn)/t is the measured counting rate energy spectrum, DE is the energy bin width, VP the plasma volume and Wg/4p the geometrical efficiency. Such quantity is mainly composed by the XRF and bremsstrahlung emission. The Kramer cross-section formula, assuming a Maxwell-Boltzmann Electron Density Distribution Function (EEDF) (Mishra B. et al., 2021), defines the bremsstrahlung emissivity density, described by the equation:
[image: ]    [image: ]
where reri is the product of the electron and ion density, kB is the Boltzmann constant and Te the electron temperature. This expression can be used to fit the bremsstrahlung experimental emissivity density, obtained by the continuous part of the energy spectra, to extrapolate the electron temperature and density. A simulation is required to evaluate the emission volume VP and the geometrical detection efficiency Wg/4p in each point of the plasma, considering the overall geometry of the pin-hole optical system and the plasma chamber setup. The total plasma volume is identified as the region enclosed by the ECR surface, defined by the 3D-map of the resonant magnetic region. The geometrical efficiency has been defined in all the plasma volume as the projection of each point of plasma across the aluminium mesh and the pinhole into the CCD detector. FIG. 3 shows the aluminium mesh (a), the optical simulation of plasmoid through it (b) and the geometrical efficiency projection along the z axis (c). A set of ROIs, shown in Figure 4-(left), has been defined to study the emissivity density in several plasma regions. Each of them defines a 3D portion of plasma on which the volume V and the efficiency Wg/4 are summed.
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FIG. 3 – (a) Aluminium mesh mounted along the line of view, (b) optical simulation of plasma view through the mesh, (c) geometrical detection efficiency projection along the z axis.
The emissivity density is defined in each ROI by summing the energy spectra contained into the respective area. FIG. 4 – (right) reports the extrapolated values of temperature and density in all the 4 ROIs, with their respective error bars, calculated by the experimental error propagation into the fit parameters. Being the experimental error mostly dependent on the spectrum intensity, the measurement can be in principle improved by extending the total measurement time and/or increasing the spatial ROI dimensions, in a trade-off between parameters extrapolation accuracy, measurement time and space resolution of the method. 
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FIG. 4-(Left) - Images obtained by the sum of all the three energy-filtered components (shown in FIG. 2-(a)-(b)-(c)) where the set of ROIs on the CCD image are highlighted in yellow. (Right) - Respective electron temperature and density results.
CONCLUSION
We reported the first experimental results of local plasma parameters evaluated by a CCD-based pin-hole camera for X-ray spectroscopy and imaging. Energy-resolved imaging makes possible the study of elemental space distribution, giving information about plasma structure and confinement dynamics with a space resolution of 560 μm and energy resolution of 230 eV at 8 keV. Local plasma parameters evaluation was obtained from the bremsstrahlung component of the acquired spectra with an accuracy of ∼ 10% - 25%, under the assumption of Maxwell-Boltzmann EEDF distribution.
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operating at �90�C, with an optimal quantum e�ciency
in the range 0.5�20 keV and coupled with a Pb pin-hole
(thickness ⇠ 2 mm, diameter ⇠ 400 µm). A Ti window
(9.5 µm of thickness) was used to screen the CCD from
the visible and UV light coming out from the plasma.
The lead pin-hole was placed in between the two lead
disks, that were located at distances of l1 = 40 mm far
from the pin-hole at the CCD side, and l2 = 6 mm far
from the pin-hole at the plasma side. The optical mag-
nification M was optimized to be: M = 0.244 (distance
pinhole-CCD = 232 mm, distance pinhole-plasma centre
= 952 mm).
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The exposure time of the CCD was set in order to
operate in Single Photon Counting: two sets of 4000 and
1000 pin-hole focused frames at respective exposure time
of 0.5 � 0.05 seconds have been acquired to produce a
single High Dynamic Range energy-resolved image.



A specific analysis algorithm was developed for pro-
cessing the Single Photon Counted output of the X-ray
detector and obtain the energy-space-resolved informa-
tion.



It is based on the recognition of ”clusters”, groups of
pixels activated by each single photon event, which con-
tain the energy and position information of the impinging
radiation [REF Naselli].



III. ENERGY-FILTERED HDR IMAGING



Spectral information is obtained on each pixel, with
a resolution of 230 eV at 8 keV . It can be summed
into a group of pixels of a spatial ROI, to obtain the
respective average X-ray emission distribution, or in an
energy range to map the spatial distribution of a certain
characteristic X-ray line.



The energy spectrum summed over the whole frame,
containing all the volumetric average information of
plasma emissivity, is shown in FIG. 1-top.



The XRF line detection allows to perform a selective
elemental imaging, thus investigating the spatial features
of plasma environment.



In particular, Ar, Ti and Ta filtered maps were ob-
tained by selecting each respective energy window of the
main characteristic lines, in order to study the dynamics
of plasma confinement and of the axial and radial losses.



FIG. 1 shows the XRF map of (a) Ar (E(K↵) =
2.96 keV , E(K�) = 3.19 keV ), (b) Ti (E(K↵) =
4.51 keV , E(K�) = 4.93 keV ) and (c) Ta ((E(L↵) =
8.15 keV ) emission in di↵erent respective pseudo-colors.
Characteristic fluorescence lines are highlighted by the
same respective colors on the full-frame energy spectrum
(top).



The X-ray emission of confined plasma is mainly deter-
mined by the interaction between free electrons and ions,
while the one from deconfined plasma is mainly generated
by the interaction between deconfined electrons and the



FIG. 1. Images filtered in the emission of argon (a), tita-



nium (b) and tantalum (c). Characteristic fluorescence lines



are highlighted in the spectrum shown on the top, using the



same colors of the respective images. The pseudo-colors scales



are obtained by the assignment of di↵erent colors (blue, red,



yellow) to the respective fluorescence peaks (Ar, Ti, Ta).



chamber walls. Both conditions generate bremsstrahlung
and characteristic XRF emission.
The field of view looks through the aluminum mesh of



the injection flange, so the plasmoid and the extraction
flange on the opposite side are well visible in the pic-
tures. The circular shape of the plasmoid (perspective
view of the ellipsoidal shape) is well visible in (a), except
for a small portion that is hidden by the flange (see fig-
ure [REF. TI, TA LINER]). The triangular shape, visible
in (b), reproduces the print of axially deconfined plasma
electrons impinging on the titanium plate, mostly deter-
mined by the shape of magnetic hexapole field at the
intersection with the plate. In figure (c) the same ef-
fect is visible in the tantalum lateral wall of the plasma
chamber.
All the images are a↵ected by the presence of the alu-



minum mesh along the line of view, which creates the well
visible regular pattern of intensity modulation. The spa-
tial resolution, calculated at the center of plasma cham-
ber, is 560 µm.
Fig. 2 shows the image obtained by putting together



all the three components.



IV. ELECTRON DENSITY AND TEMPERATURE
EVALUATION



According to Gumberidze model [REF] of plasma emis-
sivity, it is possible to extrapolate the thermodynamic
parameters of plasma from the experimental emissivity
density distribution, defined by the equation [IV].



Jexp(h⌫) = h⌫
Np(h⌫)



t



4⇡



�EVP⌦g
(1)



where h⌫ is the photon energy, NP (h⌫)/t is the mea-
sured counting rate energy spectrum, �E is the energy
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In addition, HDR analysis was implemented allowing to investigate ROIs where intensities change of several order of magnitude
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qui si potrebbe inserire una tabella che riporta sia i parametri operativi della sorgente (potenza, frequenza, pressione), i parametri del setup (pixel, magnificazione, p, q, risoluzioni)  quelli di setting di misura (t exp, N frames, readout)
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inserire uno sketch, anche molto schematico, del setup
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FIG. 2.



bin width, VP the plasma volume and ⌦g the geometrical
e�ciency.



Being Jexp(h⌫) the total X-ray emission from both the
bramsstrahlung processes and the fluorescence line emis-
sion, it can be decomposed by the sum of the two respec-
tive spectra.



J(h⌫) = Jbremss(h⌫) + JXRF (h⌫) (2)



The expression for the bremsstrahlung emissivity den-
sity is then given as



Jbremss(h⌫) = ⇢e⇢ih⌫



Z 1



h⌫



d�K(h⌫)



dh⌫
ve(E)f(E)dE (3)



where ⇢e⇢i is the product of the electron and ion den-
sity, h⌫ is the photon energy, ve(E) is the electron speed,
d�K(h⌫)



dh⌫ is the di↵erential cross-section, f(E) is the elec-
tron energy density functional.



Using Kramer’s formula [REF] for the di↵erential
cross-section and the Maxwell-Boltzmann distribution
for f(E), the bremsstrahlung emissivity density is de-
scribed by the equation:



JM�B
bremss(h⌫) = ⇢e⇢i(Z~)2



✓
4↵p
6me
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kBTe
e�



h⌫
kBTe



(4)



This expression can be used to fit the bremsstrahlung
experimental emissivity density, obtained by the continu-
ous part of the energy spectra, to determine the electron
temperature and density.



A geometrical simulation is required to evaluate the
plasma volume VP and the geometrical detection e�-
ciency ⌦g in each point of the plasma, taking into ac-
count the total geometry of the pin-hole optical system
and the plasma chamber.



The plasma volume has been identified as the region
enclosed by the ECR surface, defined by the 3D-map of
the resonant magnetic region:



BECR =
me!RF



|q| ✏g (5)



The geometrical e�ciency has been defined in all the
plasma volume as the projection of each point of plasma
across the aluminum mesh and the pin-hole into the CCD
detector.
FIG. 3 - a) shows the aluminum mesh (a), the optical



simulation of plasmoid through the mesh (b) and the
geometrical e�ciency projection along the z axis (c).



FIG. 3. a) Aluminum mesh - b) Optical simulation of plas-



moid with the mesh - c) Geometrical e�ciency projection



along the z axis



A set of ROIs, shown in Figure 4 has been defined to
study the emissivity density in several plasma regions.
Each of them defines a 3D portion of plasma on which
the volume V and the e�ciency ✏g are summed.
The emissivity density is defined in each ROI by the



sum of the average counting rate energy spectrum.



FIG. 4. Set of ROIs on the CCD image



The energy spectra have been calibrated with the X-
ray fluorescence lines of Ar, Ti and Ta at 2.96 keV ,
4.51 keV , 8.15 keV , 9.67 keV respectively. A normal-
ization factor was defined by taking into account the
quantum e�ciency of the detector, the Ti window trans-
parency and the e�ciency of the analysis algorithm, mea-
sured by comparing data with Silicon Drift Detector vol-
umetric measurements as a reference.
The resulting emissivity density spectrum for ROI 1



is shown in FIG. 5 (red line). The blue line reports the
weighted fit of JM�B



bremss(h⌫) (IV), constrained in the range
of 10 � 20 keV (green line). The respective values of
electron temperature and density are reported in the box
below.
Table 6 reports the extrapolated values of temperature



and density in all the 4 ROIs.
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Being Jexp(h⌫) the total X-ray emission from both the
bramsstrahlung processes and the fluorescence line emis-
sion, it can be decomposed by the sum of the two respec-
tive spectra.



J(h⌫) = Jbremss(h⌫) + JXRF (h⌫) (2)



The expression for the bremsstrahlung emissivity den-
sity is then given as
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dh⌫ is the di↵erential cross-section, f(E) is the elec-
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Using Kramer’s formula [REF] for the di↵erential
cross-section and the Maxwell-Boltzmann distribution
for f(E), the bremsstrahlung emissivity density is de-
scribed by the equation:
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This expression can be used to fit the bremsstrahlung
experimental emissivity density, obtained by the continu-
ous part of the energy spectra, to determine the electron
temperature and density.



A geometrical simulation is required to evaluate the
plasma volume VP and the geometrical detection e�-
ciency ⌦g in each point of the plasma, taking into ac-
count the total geometry of the pin-hole optical system
and the plasma chamber.



The plasma volume has been identified as the region
enclosed by the ECR surface, defined by the 3D-map of
the resonant magnetic region:



BECR =
me!RF



|q| ✏g (5)



The geometrical e�ciency has been defined in all the
plasma volume as the projection of each point of plasma
across the aluminum mesh and the pin-hole into the CCD
detector.
FIG. 3 - a) shows the aluminum mesh (a), the optical



simulation of plasmoid through the mesh (b) and the
geometrical e�ciency projection along the z axis (c).



FIG. 3. a) Aluminum mesh - b) Optical simulation of plas-



moid with the mesh - c) Geometrical e�ciency projection



along the z axis



A set of ROIs, shown in Figure 4 has been defined to
study the emissivity density in several plasma regions.
Each of them defines a 3D portion of plasma on which
the volume V and the e�ciency ✏g are summed.
The emissivity density is defined in each ROI by the



sum of the average counting rate energy spectrum.



FIG. 4. Set of ROIs on the CCD image



The energy spectra have been calibrated with the X-
ray fluorescence lines of Ar, Ti and Ta at 2.96 keV ,
4.51 keV , 8.15 keV , 9.67 keV respectively. A normal-
ization factor was defined by taking into account the
quantum e�ciency of the detector, the Ti window trans-
parency and the e�ciency of the analysis algorithm, mea-
sured by comparing data with Silicon Drift Detector vol-
umetric measurements as a reference.
The resulting emissivity density spectrum for ROI 1



is shown in FIG. 5 (red line). The blue line reports the
weighted fit of JM�B



bremss(h⌫) (IV), constrained in the range
of 10 � 20 keV (green line). The respective values of
electron temperature and density are reported in the box
below.
Table 6 reports the extrapolated values of temperature



and density in all the 4 ROIs.
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