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Goal: to investigate ECRIS plasma structure and confinement dynamics in stable and turbulent regimes

Motivation: in ECR ion sources turbulent regimes of plasmas cause performance deterioration in the extracted ion beam,
in terms of:
* Beam ripple
* Decrease of high charge state production
* Decrease of beam intensity

s e
Considerations on the role of the magnetic Beam current oscillations driven by
field gradient in ECR ion sources and cyclotron instabilities in a minimum-B

electron cyclotron resonance ion

build-up of hot electron component
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Goal: to investigate ECRIS plasma structure and confinement dynamics in stable and turbulent regimes

Motivation: in ECR ion sources turbulent regimes of plasmas cause performance deterioration in the extracted ion beam,
in terms of:
* Beam ripple
* Decrease of high charge state production
* Decrease of beam intensity

Method: high resolution SPATIALLY and SPECTRALLY RESOLVED diagnostic tool

O In 2014 X-ray space resolved-spectroscopy was performed but
only in low power regimes: up to 30 W of RF pumping power
R. Racz et al. Plasma Sources Science and Technology, Vol. 26, No. 7

D. Mascali et al., Review of Scientific Instruments 87, 02A510 (2016)

NOW - 3 important novelties
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Goal: to investigate ECRIS plasma structure and confinement dynamics in stable and turbulent regimes

Motivation: in ECR ion sources turbulent regimes of plasmas cause performance deterioration in the extracted ion beam,
in terms of:
* Beam ripple
* Decrease of high charge state production
* Decrease of beam intensity

Method: high resolution SPATIALLY and SPECTRALLY RESOLVED diagnostic tool

@::m».\nm
PHYSICS OF PLASMAS 22, 083509 (2015) .

O In 2014 X-ray space resolved-spectroscopy was performed but
Suppression of cyclotron instability in Electron Cyclotron Resonance ion . . .
sources by two-frequency heating only in low power regimes: up to 30 W of RF pumping power

V. Skalyga“'f 1. 1zotov," T. Kal\la:!s‘3 H. Koivisto,? J. Komppula,® R. Kronholm, J. Laulainen,®
o i

R. Racz et al. Plasma Sources Science and Technology, Vol. 26, No. 7

v Novgorod. Russia
v Neveorod, Russia

D. Mascali et al., Review of Scientific Instruments 87, 02A510 (2016)

NOW - 3 important novelties
Unstable

It is NOT ENOUGH to probe
UNSTABLE PLASMA REGIMES!

1

1) - Re-design the whole pin-hole system
] TO PERFORM high resolution X-ray imaging
’ e o o o ove o o at HIGH POWER REGIMES: up to 200 W!
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Goal: to investigate ECRIS plasma structure and confinement dynamics in stable and turbulent regimes

Motivation: in ECR ion sources turbulent regimes of plasmas cause performance deterioration in the extracted ion beam,
in terms of:
* Beam ripple
* Decrease of high charge state production
* Decrease of beam intensity

Method: high resolution SPATIALLY and SPECTRALLY RESOLVED diagnostic tool
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Goal: to investigate ECRIS plasma structure and confinement dynamics in stable and turbulent regimes

Motivation: in ECR ion sources turbulent regimes of plasmas cause performance deterioration in the extracted ion beam,
in terms of:
* Beam ripple

* Decrease of high charge state production
* Decrease of beam intensity

Method: high resolution SPATIALLY and SPECTRALLY RESOLVED diagnostic tool

PHYSICS OF PLASMAS 24 032111 2017 @ O In 2014 X-ray space resolved-spectroscopy was performed but
Kinetic instabilities in a mirror-confined plasma sustained by high-power Ol’lly in low POWET Iegimes. up to 30 W of RF pumping power
microwave radiation

R. Racz et al. Plasma Sources Science and Technology, Vol. 26, No. 7
A. G. Shalashov,® M. E. Viktorov, D. A. Mansfeld, and S. V. Golubev

g::r::;:e of Applied Physics of the Russian Academy of Sciences, 46 Ulyanov Str., 603950 Nizhny Novgorod, D. Mascali et al.’ Review OfScienn:ﬁc Instruments 87’ O2A510 (201 6)
Simultaneously to the plasma emission in the 2-20 GHz . .
frequency band, we measure precipitations of energetic elec- NOW -> 3 important novelties

trons (>10keV) from the trap ends using a pin-diode detec-
tor with a time resolution of about 1 ns.

It is very useful to investigate

Measurement of the energy distribution of electrons escaping minimum-B about losses dynamlcs
ECR plasmas
LIzotov', O.Tarvainen®, V. Skalyga', D. Mansfeld’, T. Kalvas?, H. Koivisto’, R. Kronholm? l
1 Institute of applied physics of Russian academy of sciences, Nizhny Novgorod, Rus
2 University of Jyvaskyla, Finland 0
v 2) > New design of the plasma chamber

was discovered that the EED in the range of 5- 250 keV is strongly non-Maxwellian and

exhibits several local maxima below 20 keV energy. It was observed that the most 3) - Advanced analytical method
influential ion source operating parameter on the EED is the magnetic field strength, . f b h h l
which affected the EED predominantly at energies less than 100 keV. The effects of the to get info about where the electrons

microwave power and frequency, ranging from 100 to 600 W and 11 to 14 GHz

respectively, on the EED were found to be less significant. The presented technique and COlllde on the Chamber WallS
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* Experimental Setup
e X-ray pin-hole CCD camera
—> Innovative multi-disks collimator (high power domain ~200W)
—> Innovative design of plasma chamber (to investigate losses dynamics)

e Data Analysis: Integrated X-ray Imaging
* Analytical Methods

* Data Analysis: Spatially-Resolved Spectroscopy

e Conclusion



Experimental Setup — the Multi-diagnostic system

Plasma investigation in stable and unstable regimes has been

performed by means multi-diagnostic system:
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A flashback to ECRIS-2018, Catania, Italy

First quantitative estimation of plasma instability strength
Demostration of plasma instability damping
by Two-Close-Frequency Heating (TCFH)

E. Naselli et al., Plasma Source Science and Technology (PSST), 2019

Improvement of ion beam performances by TCFH
R. Racz et al., Journal of Instrumentation (JINST), 2019
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Effect of the TCFH in ECRIS plasmas
by X-ray Imaging investigation

Richard Racz, Talk ECRIS 2020, 28th
September
“Imaging in X-ray ranges to locally
investigate the effect of the Two-Close-
Frequency Heating in ECRIS plasmas”

ECRIS plasma structure and
confinement dynamics investigation
Eugenia Naselli, Talk ECRIS 2020, 28t
September



Experimental Setup — Advanced design of plasma chamber

Advanced design of the plasma chamber walls oriented to
spatially-resolved X-ray spectroscopy

Inj. endplate

Ta -La @ 8.1 keV

Ar-plasma
Ka @ 2.96 keV

~ Ext. endplate

Perspective front-view of the plasma chamber in the FULL-
FIELD X-ray pin-hole camera setup

Tantalum liner

Ti ext. endplate

Al inj endplate
and mesh

<R

Istituto Nazionale di isica Nucleare

A

@)

SN N
> 2\ UNIVERSITA

degli STUDI

~/ di CATANIA

Fluorescence lines can be used to
get info about where the electrons
collide on the chamber walls

in order to have well separated
component of the emitted X-ray:

- Special design of plasma chamber
for studying confinement dynamics
(plasma vs. losses X-radiation emission)
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Advanced design of the plasma chamber walls oriented to

spatially-resolved X-ray spectroscopy get info about where the electrons
collide on the chamber walls

Fluorescence lines can be used to

Inj. endplate

e in order to have well separated
a-La@8.1ke component of the emitted X-ray:
- Special design of plasma chamber
Ar-plasma for studying confinement dynamics
o @296 kg (plasma vs. losses X-radiation emission)

~ Ext endplate « X-rays coming from Plasma are mostly due to ionized Ka Argon lines
» X-rays coming from Magnetic Branches consist of mostly fluorescence from Ti
» X-rays coming from Poles are mostly due to radial losses impinging on the Ta liner

Whole Image with Exp time: 50 sec

Perspective front-view of the plasma chamber in the FULL-
FIELD X-ray pin-hole camera setup
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i 9
Tantalum liner
- 800
8.5
Ti ext. endplate 600
8
400 §
Al inj endplate
and mesh 200

200 400 600 800 1000



Experimental Setup — ATOMKI ECRIS and Pin-hole Camera system NEN SR UNIVERSITAI“ ‘
3 2| degli STUDI
— _— % | 4/ di CATANIA

ECRIS Atomki Laboratory Soft X-ray pin-hole camera tool
(Debrecen, Hungary)
= T ~— Object (plasma)
9 \ Pinhole 'Mage

p =952 mm g=232 mm

Pb pin-hole

i
‘I | |: CCD

| Ti window

12000 + X
2 "
@ .
= Pb multi-disks collimator
o] 4
9 7000 o Beer (1425GH) ~ 0511 *  Sensitivity range ~ 2 + 15 keV
m B *  Sensor Size: 13.3 mm x 13.3 mm (1024 x 1024 Pixels)
2000 - Bor 76 *  Max Energy Resolution ~ 150 eV
30 Z (cm) 80 * Lead Pin-hole (diameters 400 pm)
* 1425 GHz ECRIS . A single pin-hole is not enough
*  Permanent magnet hexapole and room temperate coils f . . ..
or measuring at high power domain:

*  No post acceleration

. . . 1y
* Used for atomic physics, material science, ECR plasma physics = noise due to scattering becomes very high!
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A multi-disks collimator has been designed on
purpose in order to perform high resolution X- Pb disk 1

Collimator Ti window 6 mm 40 mm

9.5 pzfn

ray imaging at high energy (until 200 W)
By means the use of the multi-disks ®=1mm:] 55 @ = 400 pm 0 =2mm
collimator it is possible:
U Reduce the noise I mim ]ﬁm\ 1'mm
U TImprove the signal/noise ratio IT" window  Ph Pinchole [
U Increase the resolution Collimator Collimator

Pb disk 1 Pb disk 2

Referring the power level to the plasma chamber volume in order to get the power density:

ATOMKI:

plasma chamber volume = 555 cm3, @ 200 W - corresponding to a power density of 0.36 W/cm3.
SECRAL source at IMP-Lanzhou (China):

plasma chamber volume ~ 5200 cm3 = our power corresponds to a level of power in the order of 2 kW.

L. Sun et al., 23th Int. Workshop on ECR Ion Sources ECRIS2018, Catania, Italy JACoW doi:10.18429/JACoW-ECRIS2018-TUA5



X ray imaging: performance improvement for high RF power @

Istituto Nazionale di Fisica Nucleare

A multi-disks collimator has been designed on T R
purpose in order to perform high resolution X- Pb disk 1 Pb Pin-hole Collimator 9.5 pin
ray imaging at high energy (until 200 W) . ia

By means the use of the multi-disks ®=1mm: s =400pm [0 ® =2 mm
collimator it is possible:
[ Reduce the noise I mm ]ﬁm\ 1'mm
O Improve the signal/noise ratio Iﬁ window  Ph Pinchole [
U Increase the resolution Collimator Collimator
RF frequency: 13.9 GHz Pb disk 1 Pb disk 2
RF power: 200 W
Without Collimator With Collimator
800 4 14 With Without Discrepancy
Collimator Collimator Percentage
Npole  2889+54  4441+67 -54%
600 35 35 Nbkg, 302+£18 1677441 [-405%
' " Npig, 847429 2136446 |-152%
400 Nhole
3 3 % 870+£050 265+0.08 |+70%
kagnut
200 S“—"‘e 3414£013 2.08+£005 [+39%
25 25 IJkgin
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A multi-disks collimator has been designed on  jmator 7 window 6 mny 40 mm
purpose in order to perform high resolution X- 7" /] fepimhele colimator 9.5 in

ray imaging at high energy (until 200 W)

. ®=1mm:] =222 O = 400 pm e @ =2 mm
By means the use of the multi-disks
collimator it is possible:
i w‘indows | mm Iz mr\ 1'mm
U Reduce the noise = | T window 53 pimote |

U Improve the signal/noise ratio &;:,,,,,m( - Collimator Collimator
O Increase the resolution R . - P ik

Very high spatlal resolution = Al mesh with wire diameter ~ 0.4 mm
: 3 25 mm ‘ ‘

l\)y
)

35 pixels

N
o

Mean counts
o

10 | |
Al injection plate 200 400 600 200 250 300 350 400
wire diameter: 0.4 mm Pixels Pixels
X X

transparency: ~ 65%
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Data Analysis

/ \

Integrated X-ray Imaging

VERY FAST RESPONSE and «Easy» Analysis
for “Live” investigations

Photon Counted X-ray Imaging

SLOW RESPONSE and «Advanced» Analysis
for quantitative and POWERFUL (local energy
determination) investigations
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200 400 600 800 1000

Integrated X-ray Imaging Photon Counted X-ray Imaging
* acquiring 1 only image * acquiring thousand of image-frames ~ 5000
* single frame exposure time ~ tens of seconds * single frame exposure time ~ 50-500 milliseconds
*  Total measurement time ~ tens of seconds *  Total measurement time: ~ 4 hours
- VERY FAST MEASURE - SLOW MEASURE
* Simple analysis *  Advanced Analysis
«  “Live” plasma structure and emission investigations *  Simultaneously SPATIALLY and SPECTRALLY

(vs. ECRIS operative parameters) RESOLVED IMAGING and SPECTROSCOPY
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Outline

* Motivations and Physical Background
—> Probing ECRIS plasma structure and confinement dynamics

* Experimental Setup
e X-ray pin-hole CCD camera
—> Innovative multi-disks collimator (high resolution imaging at high energy ~ 200W)
—> Innovative design of plasma chamber (for spectrally and spatially resolved analysis)

e Data Analysis: Integrated X-ray Imaging
*  “Live” plasma structure and emission investigations
*  Plasma shape investigation: RF power and magnetic field scalings
*  Plasma diameter evaluation

* Analytical Methods

* Data Analysis: Spatially-Resolved Spectroscopy

e Conclusion
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X-ray images at different operative configurations

X-ray Imaging vs. RF pumping power  RF frequency: 13.9 GHz
RF Power: 40 W RF Power: 80 W RF Power: 120 W

-

RF Power: 160 W
1000 R—

800

600 135 35 35
400 3 3 3
200 25 2.5 25

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

X-ray Imaging vs. magnetic field profile
Coil 60% Intensity Coil 80% Intensity Coil 100% Intensit
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800 4 800 4 800 | 4
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3 3 i 3
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25 25 25
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X-ray Imaging VS. RF pumping power E. Naselli et al., Plasma Source Science and Technology (PSST), 2019
-3
20 x10 ‘ ‘ ‘ 14
Losses vs. Plasma ©
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X-ray Imaging vs. RF pumping power

“Live” plasma diameter measurement

RF Power: 40 W Plasma Radius = 16.04 + 1.44 mm
1000

Using the realistic magnetic field of the Atomki-
ECRIS, the radius of the ECR-ellipsoid is 15.5 mm

4
800 ‘
550 42
600 | 2= .
. - 3.8
400 § 3 400 \§ 13.6
350 |sa
200 k 300 s
25 050 b d 3.2
13
200 [
. 2.8
200 400 600 800 1000 150
T S ~ — . 100 _‘ 2.6
50 & 24
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X-ray Imaging: RF power scalings
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X-ray Imaging vs. RF pumping power (20W — 200W)
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SFH f=13.7 GHz only TWT P = 200 W IN FN
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» X-ray Imaging vs. RF frequency (13.6 GHz — 14.6GHz)

36
RF power: 200W
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Outline

* Motivations and Physical Background
—> Probing ECRIS plasma structure and confinement dynamics
* Experimental Setup
* X-ray pin-hole CCD camera
—> Innovative multi-disks collimator (high power domain ~ 200W)
—> Innovative design of plasma chamber (to investigate losses dynamic)
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* Data Analysis: Integrated X-ray Imaging
* “Live” plasma structure and emission investigations
* Plasma shape investigation: RF power and magnetic field scalings
e Plasma diameter evaluation

* Analytical Methods
* Single Photon Counting (SPhC)
* High Dynamical Range (HDR)

* Data Analysis: Spatially-Resolved Spectroscopy

e Conclusion
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Data Analysis

/ \

Integrated X-ray Imaging Photon Counting X-ray Imaging
CCD: Sensitive position detector Each pixel becomes an indipendent spectrally-sensitive detector:
- investigate the intensity - SPATIALLY-RESOLVED SPECTROSCOPY pixel-by-pixel

—> decoupling of photon number versus energy

* very short exposure-time (tens milliseconds)
e thousands of SPhC frames

—> the probability that two (or more) photons hit the same
pixel during the exposure of a single image-frame is minimized;

-> single photon events carry the information on the energies
of the incident photons
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Energy Resolution ~ 230 eV at 8.1 keV (Ta-La fluorescence line)
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Energy Resolution ~ 230 eV at 8.1 keV (Ta-La fluorescence line)
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Single Photon Counting (SPhC) Analysis
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Grouping procedure

SPhC Analysis

single frame
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High Dynamical Range (HDR) Analysis

@ di CATANTIA
when the ROIs intensities of an image vary of order of magnitude, it is very challenging to determine the
exposure time:

To acquire the same image
setting two or more
different exposure time

-> advanced analysis in
order to elaborate a
weighted convolution
image: the HDR image
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Energy filtering analysis
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Outline

*  Motivations and Physical Background
—> Probing ECRIS plasma structure and confinement dynamics

* Experimental Setup
e X-ray pin-hole CCD camera
- Innovative multi-disks collimator (high power domain ~ 200W)
—> Innovative design of plasma chamber (to investigate losses dynamic)

* Data Analysis: Integrated X-ray Imaging
*  “Live” plasma structure and emission investigations
* Plasma shape investigation: RF power and magnetic field scalings
e Plasma diameter evaluation

* Analytical Methods
* Single Photon Counting (SPhC)
* High Dynamical Range (HDR)

e Data Analysis: Spatially-Resolved Spectroscopy
¢ Plasma Confinement Investigation (Plasma,, vs. Plasmag;,.)
*  Losses Dynamics Investigation (Losses vs. Plasma)

e  Conclusion
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SPhC mode = Energy filtering analysis
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Single Photon Counting (SPhC) imaging for simultaneously
SPECTRALLY and SPACE resolved analysis

w w w * Thousand of image-frames acquired

Tiy -te W Tig Ta Ta 1 i
108 g 2 ;T:k N [ g Ta -te R HDR * Very low exposure time (~ 10/100 mseconds)
i ! Ta fami, | ]
Toy Mig-2 2, - 1e—4‘_,,571 Ta, SpeCtra ] Exp time [s] N° frames
9,02 ! H : 3 3 | Plasma ROI 0.5 4200
c 10 | : Pole ROI 0.05 1000
3 EE.
‘ r ] Innovative analytical method
10’ \/ : - PhC-HDR images elaboration
100 | | H | i |
2 4 6 8 10 12 14 In SPhC mode each pixel becomes a independent detector:
Ensigy el - we can analyze the whole collection of detectors;
Energy Resolution ~ 230 eV at 8.1 keV (Ta-La fluorescence line) or
1000 - only a given collection of detectors, selecting only
pixels in a given ROI
800 . . . .
The power of this technique consists in the
600 possibility to perform, simultaneously, two
complementary investigation:
400
200 - HDR image
High Dynamical Range (HDR) > HDR spectra

Image

200 400 600 800 1000
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Single Photon Counting (SPhC) imaging for simultaneously
SPECTRALLY and SPACE resolved analysis

Tiy 1o T m T‘a ' Ta, ‘T;L ] In SPhC mode each pixel becomes a independent detector:
103 (i -2e ? Ar, ] s . £ Jz HDR 3 i .
s k) TR g Ta, |izmi ] ] = we can analyze the whole collection of detectors;
— 1 maw LT Spectra - or
M o 2TiK -le 1‘ TBLA ]
2102+ f : f 3 —> only a given collection of detectors, selecting only
é ‘ W pixels in a given ROI
10° \/ . ROI1: Ar and Ti (Ti lower than Ar) and there is not Ta
0 I I 3 1 % |
i 2 4 6 8 10 12 14
Energy [keV]
jon ~ : ; 12 :
Energy Resolution ~ 230 eV at 8.1 keV (Ta-La fluorescence line) a1l |
1000 2 101 |
3
2 9
800 . 8
0]
Q 7r
2 gt
600 c
g 5
L gt
400 ® Ar Ti
c 35
200 High Dynamical Range (HDR) 1 J\JL Ta
O L ! L !
Image 5 10 15 20 25 30

200 400 600 800 1000 Energy [keV]
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Photon Counting Imaging: Spectrally Resolved Analysis @ e UNIVERSITAIH

Single Photon Counting (SPhC) imaging for simultaneously
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SPECTRALLY and SPACE resolved analysis
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Energy Resolution ~ 230 eV at 8.1 keV (Ta-La fluorescence line)
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High Dynamical Range (HDR)
Image

1 In SPhC mode each pixel becomes a independent detector:
HDR .
] = we can analyze the whole collection of detectors;
Spectra or

- —> only a given collection of detectors, selecting only
S pixels in a given ROI

. ROI1: Ar and Ti (Ti lower than Ar) and there is not Ta
W ROI2: Ar increases and Ti is 1 order of magnitude higher than Ti in ROI1

12 14
12 ‘
=11 —ROI1].
I ROI 2 |
§1o
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L
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Photon Counting Imaging: Spectrally Resolved Analysis @ SR UNIVERSITAIH

Single Photon Counting (SPhC) imaging for simultaneously
SPECTRALLY and SPACE resolved analysis

T o1 T m T‘a o Ta, T;L ] In SPhC mode each pixel becomes a independent detector:
10% M 28 Tact [an| A & l HDR > i ;
= TR 1 Ta, izt ] ] we can analyze the whole collection of detectors;
o ma Ll : Spectra - or
£ 402 ! A J £ 3 —> only a given collection of detectors, selecting only
é ‘ i pixels in a given ROI
1 - - .
w0/ | - ROI1: Ar and Ti (Ti lower than Ar) and there is not Ta
| W ROI2: Ar increases and Ti is 1 order of magnitude higher than Ti in ROI1
10° ‘ ‘ P - ROI3: Ti is the same of Ti in ROI2, but Ar decreases
2 4 6 8 10 12 14
Energy [keV]
Energy Resolution ~ 230 eV at 8.1 keV (Ta-La fluorescence line) 12 ‘ ROI 1
—11 — ]
1000 g 10+ ROI 2| |
8 ol ---ROI 3| |
3
800 w 87 ‘
[0} i
Q 7r i
2 gt i
600 = |
g °r |
L ogt i
400 2 5 Ar J’I'l
5 H
&2 i
200 High Dynamical Range (HDR) T sl Ta
O . \ AW i L L
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Single Photon Counting (SPhC) imaging for simultaneously
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SPECTRALLY and SPACE resolved analysis

T E m T‘aL " Ta r.—lL HDR‘ 1 In SPhC mode each pixel becomes a independent detector:
% [an | [an) s g 1 - we can analyze the whole collection of detectors;
g omi, 2 [T, Spectra -
2 5] |2l o i Ta, ] or
! : § f - —> only a given collection of detectors, selecting only
i pixels in a given ROI
\/ . ROI1: Ar and Ti (Ti lower than Ar) and there is not Ta
W ROI2: Ar increases and Ti is 1 order of magnitude higher than Ti in ROI1
‘ ‘ P L ROI3: Ti is the same of Ti in ROI2, but Ar decreases
: . i Energy [ElieV] 10 12 " ROI4: Ar disappeares, Ti decreases and there is Ta
Energy Resolution ~ 230 eV at 8.1 keV (Ta-La fluorescence line) ﬁ ‘ ;ROI ]
1000 _8 10+ ROI 2| |
8 ol ---ROI 3| |
o | —ROI4
800 ’g;_ 21 Moreover, analyzing each ROI|
2 gl spectra it is possible locally
600 5 5| | measure plasma parameters |
S 4l il . (electron density, temperature)
400 2 . Ar ITi
S |
200 High Dynamical Range (HDR) T E‘ Ta,.
0 A,

Image

0 15 20 25 30
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Single Photon Counting (SPhC) imaging for simultaneously
SPECTRALLY and SPACE resolved analysis

HDR Imaging
Plasma structure inspection
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| o) 7T Spectra
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Energy [keV]
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Single Photon Counting (SPhC) imaging for simultaneously
SPECTRALLY and SPACE resolved analysis

HDR Imaging
Plasma structure inspection
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Photon Counting Imaging: Spectrally Resolved Analysis

Single Photon Counting (SPhC) imaging for simultaneously

SPECTRALLY and SPACE resolved analysis

. " N T

T|Kﬂ.1e EK” T'K—‘ g Ta
31T, 2e [ n 4 i

107"k %€ [ag | |Ar, s

Energy [keV]
Ar Ti Ta

HDR Imaging
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HDR Imaging

Plasma structure inspection
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HDR Imaging

Radial losses inspection
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Photon Counting Imaging: Spectrally Resolved Analysis

Single Photon Counting (SPhC) imaging for simultaneously
SPECTRALLY and SPACE resolved analy51s

High Dynamical Range (HDR)
Image

200 400 600 800 1000
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'k 1€ IK,, TiK( 2. 1o Ta Ta 1
10° T 22 X:K" Tl ¥ oy LAl HDR 3 1000 1000
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Outline

* Motivations and Physical Background
—> Probing ECRIS plasma structure and confinement dynamics
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* Experimental Setup
e X-ray pin-hole CCD camera
- Innovative multi-disks collimator (high power domain ~ 200W)
—> Innovative design of plasma chamber (to investigate losses dynamic)

* Data Analysis: Integrated X-ray Imaging
*  “Live” plasma structure and emission investigations
* Plasma shape investigation: RF power and magnetic field scalings
e Plasma diameter evaluation

* Analytical Methods
e Single Photon Counting (SPhC)
* High Dynamical Range (HDR)

* Data Analysis: Spatially-Resolved Spectroscopy
¢  Plasma Confinement Investigation (Plasmac,, vs. Plasmag;,,)
*  Losses Dynamics Investigation (Losses vs. Plasma)

e  Conclusion
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e

ummary

Tool, Analytical Methods and Preliminary Results
of a powerful system for making plasma physics investigation:

Now we are ready:

- “Live” plasma structure and emission investigations
(vs. ECRIS operative parameters) CEEEE

- Spatial-Resolved Spectroscopy and Energy-Resolved Imaging:

8
200 400 600 800 1000 ‘ ® Energy fkev]

- quantitative estimation of deconfined fluxes in stable vs. unstable regimes
- quantitative elementar composition pixel-by-pixel
- locally plasma parameters (electron density, temperature) measurements

400 400

200 200

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

Complete characterization and studies are in progress...
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e

ummary

Tool, Analytical Methods and Preliminary Results
of a powerful system for making plasma physics investigation:

AF Priwmr 40 W

Now we are ready:

- “Live” plasma structure and emission investigations
(vs. ECRIS operative parameters) ™ 0 w0 B0 0

- Spatial-Resolved Spectroscopy and Energy-Resolved Imaging:

8
200 400 600 800 1000 ‘ * Ererylie) |

- quantitative estimation of deconfined fluxes in stable vs. unstable regimes
- quantitative elementar composition pixel-by-pixel
- locally plasma parameters (electron density, temperature) measurements

1000 1000 12
S
To-
800 800 §o
5
600 600 g

400 400

200 200

".-.-15 20 2
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 Eneray V)

Thanks for your attention!

Complete characterization and studies are in progress...




X-ray Analysis: Plasma diameter measurement

Plasma diameter
measurement 800
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Plasma Radius [mm]

1 points, ey fig5ola) 1577+ 2.24
I pointspmm ffglmlb) 16.25+ 1.92
1L pointy, i, figfils) 16.10+ 1.92
Mean value [16.04 £ 1.44 |

Using the realistic magnetic field of the Atomki-
ECRIS, the radius of the ECR-ellipsoid is 15.5 mm

700 600 500 400 300

a)
700
600
500
400 ; Ly
300
200 400 600 800 1000

1000

800

600

e e
&
S

3.5

2.5

* Bluline is the mean value of the noise (0-200 pixels)

* The black line is the mean value in the hole region, where
the emission comes from plasma only (400-500 pixels)
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400 N8 136
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“Live” plasma diameter measurement




<<
  /ASCII85EncodePages true
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ABSALOM
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /ALIBI
    /AllegroBT-Regular
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /BankGothicBT-Medium
    /BaskOldFace
    /Batang
    /BATAVIA
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BremenBT-Bold
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /CASMIRA
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CharlesworthBold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothicBT-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DauphinPlain
    /EdwardianScriptITC
    /ELEGANCE
    /Elephant-Italic
    /Elephant-Regular
    /ELLIS
    /English111VivaceBT-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EXCESS
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GENUINE
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyHandtooledBT-Regular
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HELTERSKELTER
    /HERMAN
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-Bold
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Roman
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /ISABELLE
    /JOAN
    /Jokerman-Regular
    /JuiceITC-Regular
    /JUSTICE
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /Lithograph-Bold
    /LithographLight
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MANDELA
    /Mangal-Regular
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MATTEROFFACT
    /MaturaMTScriptCapitals
    /MICRODOT
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /NATURALBORN
    /NEOLITH
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OPENCLASSIC
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /PosterBodoniBT-Roman
    /PRETEXT
    /Pristina-Regular
    /PUPPYLIKE
    /Raavi
    /RADAGUND
    /RageItalic
    /Ravie
    /REALVIRTUE
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /SHELMAN
    /ShowcardGothic-Reg
    /Shruti
    /SimSun
    /SnapITC-Regular
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /Staccato222BT-Regular
    /Stencil
    /Swiss911BT-ExtraCompressed
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TRENDY
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypoUprightBT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZurichBT-RomanExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 791.000]
>> setpagedevice




