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X-ray imaging goals:

ü Plasma confinement investigation and 
optimization

ü Non-invasive measurement of 
thermodynamic parameters

ü Monitoring of plasma stability during 
long measurements

Isotope 
activity

Density of the isotope 
in the plasma (const.)

Plasma 
volume 
(const.)

• Beta-decay investigation à plasma parameters monitoring

In perspective, for the PANDORA purpose, it will be 
mandatory
1. to locally characterize the plasma parameters (n, T);
2. to measure the plasma volume;
3. to master the plasma stability for days, weeks or 

even months

b

g
HPGe detector
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Figure 3.4: Andor iKon-M series (BR-DD) CCD camera and respective
quantum efficiency (yellow line).

X-ray diagnostics system The X-ray diagnostics system was enclosed
into the camera obscura, along the plasma chamber axis, facing the plas-
moid from the injection flange with a full-field view (that includes all the
Titanium plasma extraction electrode and the lateral wall).

Figure 3.5 shows the scheme of the pin-hole system mounted on the
plasma chamber. The magnification at the middle of plasma chamber is

Figure 3.5: Scheme of the X-ray diagnostics. Field of view defined by
the focal system: the multi-disks collimator blocks scattered X-rays from
metallic walls.

optimized at M = 0.244, to fit the field of view inside all the CCD surface.
A vacuum bypass system ensures the vacuum at the two sides of the

pin-hole and the thin Ti window. A picture of the whole system is shown
in figure 3.6.
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CCD camera

E. Naselli et al., Condens. Matter 1, 0 (2021) 
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extension. The algorithm, developed in Matlab, recognizes clusters gen-
erated by the respective photon events. It has been optimized in order
to filter out pile-up events by setting a limit on the number of pixels in
a clusters: multi-photon events, in fact, typically generate bigger clusters
than single-photon ones and can be discarded.

Figure 4.2: (left) Zoomed-in frame showing clusters of pixels: imping-
ing photons release energy in a cloud of diffusing charge, which involves
a group of pixels, increasing the pile-up rate; (right) Energy spectrum
of single pixel raw data (blue line) compared to the one obtained by
grouping-postprocessed (Gr-p) analysis (red line)

Figure 4.2-(left) shows an example of a zoomed portion of the frame
containing some clusters, distinguishing the typical single photon events
accepted by the algorithm from the pile-up discarded ones (clustering
procedure).

Every event identified by a single-photon cluster is summed and re-
placed in the local maximum (grouping procedure).

The respective energy information is collected as a count into a matrix
of energy spectra, forming a 3D image with the respective spatial and
spectral axes.

Figure 4.2-(right) shows the effectiveness of this method: the blue line
represents the full-frame single pixels spectrum, obtained without apply-
ing the grouping analysis; the red line is the spectrum of grouped events,
where it is possible to distinguish the characteristic fluorescence peaks.

The optimization of the cluster-size parameter in the algorithm (per-
formed in [3]), has a critical effect on the resulting spectra: clusters di-

SPhC image Tika

TaLa

Arka

Properly developed graphic 
algorithm identifies single-photon 
events on CCD images to perform
space-resolved spectroscopy
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Fluorescence-filtered imaging results
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The experimental error induced by this algorithm is assumed to be
negligible, in order to make only relative comparisons between data,
which are analyzed by fixing the same cluster-grouping parameters.

Further studies are still ongoing to improve a more efficient clustering
algorithm and quantify such error estimation.

4.2 Energy calibration of the spectra

The main characteristic fluorescence lines of plasma (Ar) and the materi-
als used in the plasma chamber walls (Ti and Ta) are in the sensible range
of the detector (1 � 20 keV) and allowed to perform energy calibration
without using any external references (radioactive sources are usually
needed to calibrate a detector).

A brief investigation on the full-frame spectrum (obtained by the sum
of the spectra in each pixel of the frame), makes possible the recognition
of the most relevant characteristic fluorescence peaks, which are listed in
table 4.1.

Element X-ray line Energy (keV)
18 Ar Ka1,2 2.96
18 Ar Kb1 3.19
22 Ti Ka1,2 4.51
22 Ti Kb1 4.93
73 Ta La1 8.15
73 Ta La2 8.09
73 Ta Lb1 9.34
73 Ta Lb2 9.65
73 Ta Lg1 10.90
73 Ta Ma1 1.71

Table 4.1: Main recognizable fluorescence peaks on the full-frame energy
spectrum of Atomki setup.

Many of them are sufficiently well resolved to obtain a good energy
calibration fit (energy resolution is ⇠ 230 eV at 5 keV). The resulting
calibrated spectrum is shown in figure 4.4.

Titanium
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Figure 3.2: Plasma chamber different materials: a) injection aluminum
mesh, b) titanium extraction electrode before (left) and after (right)
plasma exposure, c) tantalum liner covering the lateral walls.

(1 mm) and Tantalum (50 µm) for the injection plate, the extraction elec-
trode and the liner covering the lateral plasma chamber walls. By this
way, the X-ray emission activated by the plasma deconfinement fluxes
(due to electron impinging on the chamber walls) can be easily recog-
nized by measuring the characteristic fluorescence of the respective ele-
ments, also distinguishing radial vs. axial deconfinement.

The injection flange has an aluminum mesh structure of 400 µm of
wire diameter, which allows the CCD camera to look through it, with a
transparency of 60%.

The choice of using the Titanium and Tantalum coating has several
reasons: these materials have to be mechanically and chemically suitable
for the purpose, moreover respective characteristic lines should have suf-
ficiently well resolved energies between each other and should are in the
sensitive range of the CCD camera.

ATOMKI camera obscura In ATOMKI configuration, it was installed
in-vacuum inside a properly designed cylindrical holder, containing the
following components:

• Lead pinhole collimator: 2 mm thick, 400 µm of hole diameter;
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Figure 3.2: Plasma chamber different materials: a) injection aluminum
mesh, b) titanium extraction electrode before (left) and after (right)
plasma exposure, c) tantalum liner covering the lateral walls.

(1 mm) and Tantalum (50 µm) for the injection plate, the extraction elec-
trode and the liner covering the lateral plasma chamber walls. By this
way, the X-ray emission activated by the plasma deconfinement fluxes
(due to electron impinging on the chamber walls) can be easily recog-
nized by measuring the characteristic fluorescence of the respective ele-
ments, also distinguishing radial vs. axial deconfinement.

The injection flange has an aluminum mesh structure of 400 µm of
wire diameter, which allows the CCD camera to look through it, with a
transparency of 60%.

The choice of using the Titanium and Tantalum coating has several
reasons: these materials have to be mechanically and chemically suitable
for the purpose, moreover respective characteristic lines should have suf-
ficiently well resolved energies between each other and should are in the
sensitive range of the CCD camera.

ATOMKI camera obscura In ATOMKI configuration, it was installed
in-vacuum inside a properly designed cylindrical holder, containing the
following components:

• Lead pinhole collimator: 2 mm thick, 400 µm of hole diameter;

Tantalum

Ta

Aluminum 
mesh
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x 1024 pixels) acquisition mode - are reported in [31], [32], which gave
precious on-line information about plasma spatial structure and confine-
ment dynamics.

Figure 4.1: Comparison between spectrally-integrated (left) and SPhC
energy-resolved (right) imaging. The energy information is represented
by three pseudo-colors, which indicate the XRF emission of respective el-
ements: Ar-blue, Ti-red, Ta-yellow.

Figure 4.1 shows the difference between the two imaging methods:
the spectrally-integrated picture (on the left) contains only the intensity
information, while the energy-resolved one (on the right) preserves the
information of photon energy.

It should be mentioned that a complete energy information of a SPhC
image can’t be represented in a picture, as it is a three-dimensional ma-
trix. The pseudo-color representation is the easiest way to show an ex-
ample of such information: the association between XRF characteristic
lines and pseudo-colors reproduces the elements distribution in the RGB
colors dynamics.

The present work is based on energy-resolved X-ray imaging analysis,
which requires to use the CCD detector in SPhC operative mode. This
allows to preserve the energy information of almost every photon event
and obtain the respective energy spectrum.

The power of this analysis method is the possibility to obtain both spa-

62 CHAPTER 5. EXPERIMENTAL RESULTS

Figure 5.4: Energy-filtered images in all the main XRF peaks (Ar, Ti, Ta),
represented in respective pseudo-colors (blue, red, yellow), for the six
SPhC configurations summarized in the table 5.1.

Ar Ti Ta

Magnetic
 branches

Extraction
hole

Ar plasma

G. Finocchiaro et al., Phys. Plasmas 31, 062506 (2024) 

Structural analysis (fluorescence imaging)
• ECR surface analysis
• Deconfinement phenomena

PLASMA

Ar



3rd PANDORA Progress Meeting – Legnaro – October 7-8, 2024

X-ray imaging diagnostics and analysis algorithm development G. Finocchiaro – INFN - LNS

Local extrapolation of plasma parameters

Temperature and 
density values 
extracted in different 
image regions

Power of this method: 
• Not invasive
• Space-resolved

e- temperature 
[keV]

e- density [m-3]

ROI 2 12.10 ± 2.54 (1.36 ± 0.16) ᐧ1017

ROI 3 12.67 ± 2.60 (1.71 ± 0.27) ᐧ1017

ROI 4 12.01 ± 2.51 (1.83 ± 0.25)ᐧ1017

Experimental emissivity density (red line)

2

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).

COPIATO DA Naselli et al. 2022 - JINST 17
C01009.pdf

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

• Maxwell-Boltzmann emissivity model fit (blue line)

3

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

◆3 r ⇡

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.

Density Temperature

ROI 2

ROI 3

ROI 4

G. Finocchiaro et al., Phys. Plasmas 31, 062506(2024) 

B. Mishra et al. Physics of Plasmas 28, 102509 (2021)

Geometrical	model
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Local extrapolation of plasma parameters

2D ROI projection on 3D plasma model to define 
the observed plasma volume and the respective 
geometrical X-ray detection efficiency

Aluminum mesh and plasma simulation
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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).

COPIATO DA Naselli et al. 2022 - JINST 17
C01009.pdf

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

Geometrical efficiency

Emitting plasma volume

ROI 1
Geometrical efficiency in ROIs

Geometrical	model



3rd PANDORA Progress Meeting – Legnaro – October 7-8, 2024

X-ray imaging diagnostics and analysis algorithm development G. Finocchiaro – INFN - LNS

Emissivity model improvement

B. Mishra et al. Physics of Plasmas 28, 102509 (2021)

Bremsstrahlung emissivity

Fluorescence emissivity
(confined plasma)
Fluorescence emissivity
(deconfined plasma)

Fluorescence emission included in the model
• Robust fit constraints
• Short measure time
• Deconfinement thermodynamics study
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CCD characterization by X-ray tube

CCD

X-ray tube

Scattering 
chamber

Fe

SnTa

Ag

Ti Al

Cu

WAu
Multielemental
target

Space resolution: 0.8mm

3.2. INFN-LNS SETUP 37

The chamber has three accesses for microwave injection: two radial
and one axial, shown in figure 3.7 on the right, allowing also the installa-
tion of many different diagnostics tools thanks to the versatile flanges.

There is no extraction electrode, and both axial flanges are equipped
to mount diagnostic elements.

Although it can’t operate in B-minimum configuration, because of the
absence of the hexapole magnet, it has the advantage of many simultane-
ous accesses which allow to set multidiagnostic measurements.

X-ray CCD camera The X-ray acquisitions have been performed by a
Princeton SOPHIA-XO 2048B - 132 camera, a professional device with
the following main features:

• Soft X-ray sensitivity range: 5 eV � 20 keV (back-illuminated);

• 2048 ⇥ 2048 squared pixels (13.5 µm ⇥ 13.5 µm size);

• Sensor cooling down to �90�C;

• Maximum frame rate: 1 fps.

Figure 3.9: Princeton SOPHIA-XO 2048B - 132 CCD camera and respec-
tive quantum efficiency (green line)

CCD

Shutter

Spectrum

Sn+Ag
La-Lb

Ti ka-kb

Fe
ka-kb

Cu 
ka-kb Ag ka

Pile-up

Pin-hole
+

 shutter

CCD

Sample X-ray tube
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Fe

SnTa

Ag

Ti Al

Cu

WAu
Multielemental
target

Space resolution: 0.8mm

(KeV)

Multiparametric energy calibration

Ti
Ka
Kb

Fe
Ka 
Kb

Cu 
Ka
Kb Ag kaFWHM @8.04 keV:

• 1 keV (big clusters)

• 250 eV (small clusters)

(counts)

Spectrum

Sn+Ag
La-Lb

Ti
ka-kb

Fe
ka-kb

Cu 
ka-kb Ag ka

Pile-up

• Parameter-dependent energy resolution:
FWHM vs statistics trade-off

• Parametric energy calibration
Stay	tuned	for	Part	II:	
B.	Peri	– AI	Analysis	
Algorithm	Development

(counts)

Ti
 ka Fe

ka Cu 
ka Ag ka

SPhC spectra
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Plasma imaging on FPT (LNS)

Argon
Steel

• X-ray CCD + shutter tested on 
plasma imaging

• Validation of calibration 
algorithm at the lowest energy

Cr 
Ka, Kb

Steel

Fe 
Ka, Kb

Ar 
Ka, KbSi Ka

1.74 KeV

1.25 keV

Energy (keV)

1.25 keV
Si Ka

Ar Ka Cr Ka
Fe Ka

SDD reference spectrum
3.2. INFN-LNS SETUP 37

The chamber has three accesses for microwave injection: two radial
and one axial, shown in figure 3.7 on the right, allowing also the installa-
tion of many different diagnostics tools thanks to the versatile flanges.

There is no extraction electrode, and both axial flanges are equipped
to mount diagnostic elements.

Although it can’t operate in B-minimum configuration, because of the
absence of the hexapole magnet, it has the advantage of many simultane-
ous accesses which allow to set multidiagnostic measurements.

X-ray CCD camera The X-ray acquisitions have been performed by a
Princeton SOPHIA-XO 2048B - 132 camera, a professional device with
the following main features:

• Soft X-ray sensitivity range: 5 eV � 20 keV (back-illuminated);

• 2048 ⇥ 2048 squared pixels (13.5 µm ⇥ 13.5 µm size);

• Sensor cooling down to �90�C;

• Maximum frame rate: 1 fps.

Figure 3.9: Princeton SOPHIA-XO 2048B - 132 CCD camera and respec-
tive quantum efficiency (green line)

CCD spectrum



What’s next?
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Experimental campaign
Scheduled in November 2024
at Atomki, Debrecen



Time-resolved study of plasma transient
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Plasma
CCDPin-hole

+
shutter

RF

Trigger signal
generator

Experimental campaign
Scheduled in November 2024
at Atomki, Debrecen

🎥 Plasma ignition transient 
investigation

• External trigger on both plasma 
ignition and CCD shutter

TWT

Feasibility study to evaluate the potential 
of the technique for plasma monitoring



Time-resolved study of plasma instability
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Experimental campaign
Scheduled in November 2024
at Atomki, Debrecen

Plasma instability
investigation

• Acquisition triggered by plasma 
instability RF emission

• X-ray burst analysis

TWT

Plasma
CCDPin-hole

+
shutter

RF

RF probe
Spectrum 
Analyzer🎥

PANDORA b-decay measurements 
will require the continuous 
monitoring of plasma stability



Gas-mixing confinement investigation
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Experimental campaign
Scheduled in November 2024
at Atomki, Debrecen

Plasma
CCDPin-hole

+
shutter

Gas 1
Gas 2

Fluorescence analysis to map the 
magnetic confinement of mixed 
gas configurations🎥

• Relevance in PANDORA measurement 
(effects of gas-mixing on plasma 
stability and confinement dynamics)

• Interest in ECRIS research



Conclusions

3rd PANDORA Progress Meeting – Legnaro – October 7-8, 2024

X-ray imaging diagnostics and analysis algorithm development G. Finocchiaro – INFN - LNS

ROI 2

ROI 3

ROI 4• Space-resolved 
extrapolation of 
plasma parameters

G. Finocchiaro et al., Phys. Plasmas 31, 062506(2024) 
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SPhC events diagram

Small cluster size
FWHM=250eV @8.04keV

Big cluster size
FWHM = 1keV @8.04keV

W-La Lb
Fe-ka

• Acquisition system 
characterization

Ti
Ka
Kb

Fe
Ka 
Kb

Cu 
Ka
Kb Ag kaFWHM @8.04 keV:

• 1 keV (big clusters)

• 250 eV (small clusters)

(counts)

Plasma
CCDPin-hole

+
shutter

Gas 1
Gas 2• Experimental 

campaign at Atomki

🎥Gas mixing + time resolved measurement



Ongoing and perspectives
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• 3D plasma tomography technique development

• On-line plasma thermodynamics monitoring during 
PANDORA b-decay measurements

• AI-based algorithm development to enhance the SPhC 
imaging analysis

    

Part	II:
Bianca	Peri
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