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• Introduction: X-ray imaging on ECR plasmas

• Single-photon-counting technique on CCD detectors

• Energy calibration by XRF test-bench

• ECR plasma imaging at Atomki laboratory:
Space and time resolved application
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Space and time-resolved X-ray spectroscopy technique by CCD pinhole camera 

ECR plasma facility

The X-ray diagnostics is an insightful technique to monitor the self-emission of 
magnetically confined plasmas.

High emissivity in the soft X-ray energy range (0.5 - 30 keV):  J ∼ 1011 cm-3s-1
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X-ray imaging of ECR (electron cyclotron resonance) plasma:

✓ Plasma confinement investigation and optimization

✓ Non-invasive measurement of thermodynamic parameters

✓ Monitoring of plasma stability during long measurements

High Precision X-ray Measurements, 16-20 June 2025 

Space and time-resolved X-ray spectroscopy technique by CCD pinhole camera 

ECR plasma facility

The X-ray diagnostics is an insightful technique to monitor the self-emission of 
magnetically confined plasmas.

High emissivity in the soft X-ray energy range (0.5 - 30 keV):  J ∼ 1011 cm-3s-1
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Laboratory plasma can become an environment for 
Nuclear Astrophysics research ( decay investigation)

β-decay accelerates 
in hot plasmas!!

From a laboratory 
ECR plasma to…

Plasmoid



Energy-resolved imaging by X-ray CCD detectors

G. Finocchiaro – INFN - LNS

34 CHAPTER 3. EXPERIMENTAL SETUPS

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.

E. Naselli et al., Condens. Matter 7, 5 (2022) 

3.2.INFN-LNSSETUP
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Thechamberhasthreeaccessesformicrowaveinjection:tworadial

andoneaxial,showninfigure3.7ontheright,allowingalsotheinstalla-

tionofmanydifferentdiagnosticstoolsthankstotheversatileflanges.

Thereisnoextractionelectrode,andbothaxialflangesareequipped

tomountdiagnosticelements.

Althoughitcan’toperateinB-minimumconfiguration,becauseofthe

absenceofthehexapolemagnet,ithastheadvantageofmanysimultane-

ousaccesseswhichallowtosetmultidiagnosticmeasurements.

X-rayCCDcameraTheX-rayacquisitionshavebeenperformedbya

PrincetonSOPHIA-XO2048B-132camera,aprofessionaldevicewith

thefollowingmainfeatures:
•SoftX-raysensitivityrange:5eV−20keV(back-illuminated);

•2048⇥2048squaredpixels(13.5µm⇥13.5µmsize);

•Sensorcoolingdownto−90◦C;

•Maximumframerate:1fps.

Figure3.9:PrincetonSOPHIA-XO2048B-132CCDcameraandrespec-

tivequantumefficiency(greenline)CCD

Space and time-resolved X-ray spectroscopy technique by CCD pinhole camera 

High Precision X-ray Measurements, 16-20 June 2025 
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to measure softer X-rays, which are exponentially more intense in the

plasma emission.

The scheme is shown in figure 3.11.

Figure 3.11: (a) Camera obscura holder, (b) Scheme of its internal parts:

collimator, shutter, pin-hole, A l window.

This system is more complex because it requires the shutter in-vacuum

electric connection and the possibility to easily open the case to operate

in the window and collimators.

A vacuum bypass preserves the thin window from pressure shock-

waves.

A set of valves allows to exclude the X-ray system from the plasma

chamber and make an air re-entry only in the pin-hole case. This can be

useful during the first experimental phases, when openings are needed

to act on the focal systems.

X-ray diagnostics system The X-ray diagnostics system, consisting of

the CCD camera and the camera obscura with all the focusing and shut-

ter system, is aligned in a F = 40 mm vacuum pipe, as shown in figure

3.12, to focus X-ray on the CCD with a magnification M = 0.72 (at the

middle of the plasma chamber). The shutter is triggered by the camera ac-

quisition to avoid exposure during the readout time, allowing to acquire

Pin-hole camera + shutter
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the CCD camera and the camera obscura with all the focusing and shut-
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A graphic algorithm identifies single-

photon events on CCD images to 

perform space-resolved spectroscopy

SPhC image

Esposure time: 5 ms
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Readout noise distribution

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

SPhC reconstruction technique

Geometrical features of single-photon clusters
• Sum (digitized collected charge summed over area)
• X, Y centroid position
• Eccentricity, Major and minor axis of a fitting ellipse 
• Number of local maxima 

High Precision X-ray Measurements, 16-20 June 2025 

Empty frame 
(bias pattern + noise)

Energy 
integration

The SPhC algorithm identifies the 
connected regions above threshold, 
extracting relevant geometrical features.

The noise-threshold value trades-off 
unwanted multi-event connection with a 
partial loss of energy information.

Pile-up events are recognized and 
discarded.
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3 sigma

SPhC clusters identification

Connected 
regions

Signal?



Detector characterization by XRF test bench
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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

CCD

Pin-hole

+

shutter

Sample

High Precision X-ray Measurements, 16-20 June 2025 

CCD

X-ray tube

Scattering 

chamber
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Fe

SnTa
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Ti Al

Cu

WAu

Multielemental sample
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High Precision X-ray Measurements, 16-20 June 2025 

SDD

Fast SDD

CCD

X-ray tube

Scattering 

chamber

Fe

SnTa

Ag

Ti Al

Cu

WAu

Multielemental sample

The sample emission induced by the X-ray source has been 
measured with both the CCD and the SDD detector as a 
reference, in the same optical conditions
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The sample emission induced by the X-ray source has been 
measured with both the CCD and the SDD detector as a 
reference, in the same optical conditions

Fluorescence emission table

SDD spectrum

Fast SDD
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CCD

Detector characterization by XRF test bench

High Precision X-ray Measurements, 16-20 June 2025 

The CCD energy calibration is challenging!

Small clusters

Big clusters

2D histogram
A charge collection artifact is observed in the reconstruction of the 
energy information.
The fluorescence is still resolved on a parametric 2D histogram.
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CCD

Detector characterization by XRF test bench

High Precision X-ray Measurements, 16-20 June 2025 

The CCD energy calibration is challenging!

Small clusters

Big clusters

✓ Imaging check

2D histogram
A charge collection artifact is observed in the reconstruction of the 
energy information.
The fluorescence is still resolved on a parametric 2D histogram.

Ti
Fe
Cu
Ag
Sn

1cm

Space resolution: 500 m
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Detector characterization by XRF test bench

High Precision X-ray Measurements, 16-20 June 2025 

Small clusters

Big clusters

Clusters

MC simulation

The same effect is 
reproduced in Monte 
Carlo simulations

15



G. Finocchiaro – INFN - LNSSpace and time-resolved X-ray spectroscopy technique by CCD pinhole camera 

Detector characterization by XRF test bench

High Precision X-ray Measurements, 16-20 June 2025 

Small clusters

Big clusters

Clusters

MC simulation

The same effect is 
reproduced in Monte 
Carlo simulations

Extension of the 
integration domain

(under noise threshold)

Trade-off with energy resolution!
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Detector characterization by XRF test bench

High Precision X-ray Measurements, 16-20 June 2025 

Small clusters

Big clusters

Clusters

MC simulation

The same effect is 
reproduced in Monte 
Carlo simulations

Extension of the 
integration domain

(under noise threshold)

Trade-off with energy resolution!
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Suggested talk about 
AI-based algorithm:
Bianca Peri
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Multi-parameteric energy calibration

High Precision X-ray Measurements, 16-20 June 2025 

The energy calibration of the two classes is performed in 
different ways.

Small clusters → linear energy calibration

Ti
Cu

Ag Sn

Fe

FWHM=236 eV @ 8 keV
18
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Multi-parameteric energy calibration

High Precision X-ray Measurements, 16-20 June 2025 

The energy calibration of the two classes is performed in 
different ways.

Small clusters → linear energy calibration

Ti
Cu

Ag Sn

Fe

FWHM=236 eV @ 8 keV
19

Small clusters

Big clusters

Big clusters →multi-parametric energy calibration

Ti
Fe Cu Ag

Sn

✓Ti Fe Cu Ag Sn

FWHM=730 eV @ 8 keV
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Quantum efficiency calibration

High Precision X-ray Measurements, 16-20 June 2025 

CCD spectra

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)

CCDSDD spectrum
Fast SDD

It is possible to define the effective efficiency 
of the SPhC algorithm, intended as the 
probability P(E) for a detected event to be 
recognized and classified.

Moreover, such definition can be extended to 
the subsamples having specific features 
(namely, big and small cluster size).
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Quantum efficiency calibration

High Precision X-ray Measurements, 16-20 June 2025 

CCD spectra
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CCDSDD spectrum
Fast SDD

It is possible to define the effective efficiency 
of the SPhC algorithm, intended as the 
probability P(E) for a detected event to be 
recognized and classified.

Moreover, such definition can be extended to 
the subsamples having specific features 
(namely, big and small cluster size).

Normalized CCD spectra + 
algorithm efficiency
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Space and time resolved application

High Precision X-ray Measurements, 16-20 June 2025 

22

• Introduction: X-ray imaging on ECR plasmas

• Single-photon-counting technique on CCD detectors

• Energy calibration by XRF test-bench

• ECR plasma imaging at Atomki laboratory:
Space and time resolved application

Experimental campaign
November 3-16, 2024
at Atomki, Debrecen
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ECR plasma physics investigation: gas mixing effects

High Precision X-ray Measurements, 16-20 June 2025 

23

Mixing two gases in an electron cyclotron resonance ion 
source (ECRIS) is a common technique to increase currents 
of the highest charge states of a heavier element. 

Gas mixing plasma imaging

RF

Ignition signal
generator + TWT
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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)Pin-hole

+ shutter

Multielemental plasma 
characterization

Confinement 
morphology 
investigation

Mixing effects Ion charge state

CCDPlasma 
chamber

PYN-HO

First time direct observation
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Thechamberhasthreeaccessesformicrowaveinjection:tworadial

andoneaxial,showninfigure3.7ontheright,allowingalsotheinstalla-

tionofmanydifferentdiagnosticstoolsthankstotheversatileflanges.

Thereisnoextractionelectrode,andbothaxialflangesareequipped

tomountdiagnosticelements.

Althoughitcan’toperateinB-minimumconfiguration,becauseofthe

absenceofthehexapolemagnet,ithastheadvantageofmanysimultane-

ousaccesseswhichallowtosetmultidiagnosticmeasurements.

X-rayCCDcamera
TheX-rayacquisitionshavebeenperformedbya

PrincetonSOPHIA-XO2048B-132camera,aprofessionaldevicewith

thefollowingmainfeatures:
•SoftX-raysensitivityrange:5eV−20keV(back-illuminated);

•2048⇥2048squaredpixels(13.5µm⇥13.5µmsize);

•Sensorcoolingdownto−90◦C;

•Maximumframerate:1fps.

Figure3.9:PrincetonSOPHIA-XO2048B-132CCDcameraandrespec-

tivequantumefficiency(greenline)
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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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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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Gas mixing distribution investigation
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Gas mixing distribution investigation
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Plasma emission RF ON

Exposure

The ion current extraction decays in 
the time scale of 10 ms.

CCD trigger logic

Beam current

Plasma switch-off decay transient investigation

Time-resolved 
plasma imaging

Plasma
CCDPin-hole

+ shutter

RF

Trigger signal
generator
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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)
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Plasma decay after RF pumping switch-off Study of the morphology of plasma 
confinement in the decay transient
(100 ms) after the RF switch-off.RF ON RF OFF

Plasma
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+ shutter

RF
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generator
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Plasma decay after RF pumping switch-off

ROI plasma ROI plasma

Study of the morphology of plasma 
confinement in the decay transient
(100 ms) after the RF switch-off.
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Plasma decay after RF pumping switch-off

ROI plasma ROI plasma

Study of the morphology of plasma 
confinement in the decay transient
(100 ms) after the RF switch-off.
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Plasma decay time lapse after RF pumping switch-off

Plasma imaging at Atomki lab: decay transient

ROIs set

0 - 8.6 ms 9.0 - 17.6 ms 10.0 - 18.4 msRF-ON

0             5           10           15          20         25

Ar 8+ current
extraction

Time window: 8.6 ms Plasma emission RF ON

Exposure
500 frames per time window

Time evolution of 
plasma morphology in 
the decay transient.
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• 236 eV (small clusters)

Versatility
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0 - 8.6 ms 9.0 - 17.6 ms 10.0 - 18.4 msRF-ON

The method allowed to obtain very relevant measurements
in the field of ECR plasma.

Interdisciplinary interest: it can be extended to any other 
X-ray imaging application 
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Temperature and 
density values 
extracted in different 
image regions

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

ROI 2

ROI 3

ROI 4

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

Plasma parameters extrapolation
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