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Some Applications

Light
(see lamps und projector)

Plasma Monitor

Surface (Television)
: large, well resolving, flat
Hardening

Surface
Refinement

Plasma treated roof

of the cathedral

,Christ the Saviour"

in Moscow. Steel tiles
covered with films

of Titanium Nitride

and diamond-like carbon

s
g e
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Electron Temperature and Distribution Functions

Weakly ionized plasma is a mixture of different gases:

neutral gas, ion gas and electron gas.

Under the action of electromagnetic fields electrons gain much more
energy from the EM-field than ions. Their mean energy exceeds by
far the mean energy of the ions and the neutrals. Thus

I.>>F 1,

In plasma temperatures are measured in eV:
kT = 1eV corresponds to 7 = 11600 K
Typical values; kT, = 1... 10 eV for electrons (i.e. 104 — 108 °K 1)
kT, = 0.03...1eV for ions




Gravitational

Confinement Magnetic Confinement

Magnetic Field

Intense Energy
Beams

! Fuel Pellet ';'_'  ,

1

, olirces are typically
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. | IN FN | - -
P Magnetic Confinement

'”I‘\%/Ilégnetic fields intrihsically force charged particles to reduce freedom
degrees: electrons spiralyze around the field lines and can be trapped
for several ms in mirror machines or toroidal structures.

' MIRROR STRUCTURES
- have axial symmetry and
> can be produced by

- sequences of room
- temperature or SC coils.

They are commonly used
in ion sources field

'TOROIDAL CONFINEMENT
is typical of Fusion
‘Machines like TOKAMAKS
or STELLARATORS




The ideal confinement requires some
stringent conditions on plasma
equilibrium and stability

Plasma can also be viewed as fluids. Therefore the confinement and its equilibrium and
stability can be investigated by looking to the equilibrium between the plasma kinetic
pressure and the magnetic (confining) field pressure.

B2
»+ - = costante
.2 40

The stability of the confinement can be studied as a
function of the B parameter, which is the ratio Z nkT
between the kinetic and magnetic pressures. o

The condition for a magnetically stable plasma is <o
that B<<1
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Species Ne - 1e

SERSE ECR | from H to Pb ne ~ 1013 cm ™3
CS Injector ! C. | TXe™™ ~ 1+ 10keV
- THot ~ 100 keV

CAESAR ECR ne ~ 1012 cm ™3
CS Injector N.C. T2 ~ 0.5 -~ 5keV
Thot ~ 50keV

PS-ESS  MDIS " Protons, - | . ~ 102 cm3
T~ 1529256V

FPT Trap gaseous - ne~10%=10"cm™’
Test-bench | | elements T. ~15=25eV

AISHa ECR  B-min |C.Li O, Ar ne ~ 1012 = 10'3 cm 3
Hadrontherapy S.C. T, ~ 1525V

machine o , _ _
MDIS B-flat H, H**, D, He ne ~ 10% =10 ecm ™3
S.C. Te ~ 15 +25eV
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High power proton accelerator «forspatiaﬁiom

ESS accelerator

Design Drivers:

High Average Beam Power Key parameters:
5 MW -2.86 ms pulses
High Peak Beam Power -2 GeV
125 MW -62.5 mA
-14 Hz
-Protons (H+)
-Low losses

High Availability
>95%

Boosting neutron science for fundamental physics -Low heat loss cryostats
and applications for minimum energy

, _ consumption
Charge neutral S=1/2 spin Nuclear scattering

deeply penetrating probe directly magnetism sensitive to light elements -Flexible deSign for
12 and isotopes future upgrades

w1

’ -
\;‘_‘.» HIS 110 ,‘.m TYRQ b

- ’ - A ~
150 mm Active-site region o; hAR ' " F "

0‘3 0:5 . . . " Istituto Nazionale

- N - Actives sites in proteins L_/ di Fisica Nucleare

Li motion in fuel cells Solve the puzzle of High-Tc LABORATORI NAZIONALI DEL SUD
superconductivity

Tertiary structure of
hAR

| — —

Efficient high speed trains Better drugs

EUROPEAN ' " , "
SPALLATION Istituto Nazionale
SOURCE ‘ ~~ diFisica Nucleare

LABORATORI NAZIONALI DEL SUD
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1 kW RF
system at 2.45 GHz




SHQ POR — U.E. funds for Y
regional development oo PO FESR

Sicilia 2007/2013

Regione Siciliana

Topics: Health and Life Sciences

Proponents (public-private partnership):
* INFN-Laboratori Nazionale del Sud |
* Hitec2000 srl
e C3SL srl
e Unico srl




The GOAL: make a step forward w.r.t. PK-SUPERNANOGAN
for CNAO and other hadron therapy facilities

Measured performances

After Emittance Emittance
improvements by (request) (new Stability
INFN-LNS o extractor) [99,8%]

[nA] [nA] mm.mrad a mm.mrad

Current Current
lons (request) (avail.)

200 5 : 0.56 36 h
1000 Wk 0.42

600 1000 15 0.67

Significant improvements have been
provided by INFN-LNS: frequency tuning
effect, gas control, extractor reliability, etc.
but further improvements are not possible
and different set of requirements are done
for the treatments by therapy experts.

AISHa




AISHA

Advanced Ion Source for HAdrontherapy

4 (SC) coils AISHA is a hybrid ECRIS: the radial confining field is obtained by
means of a permanent magnet hexapole, while the axial field is

obtained with a Helium-free superconducting system.

system

Permanent
- magnets hexapole kY

AlISHa

The operating frequency of 18 GHz will permit to maximize the
plasma density by employing commercial microwave tubes

. meeting the needs of the installation in hospital environments.

Radial field

13T

Axial field

27T-04T-16T

Operating frequencies

17.3 GHz—-21.5 GHz

E Operating power

.5+ 1.5 KW (max)

Extraction voltage 40 kV (max)
Chamber diameter / length | © 92 mm / 360 mm
LHe Free

Warm bore diameter 274 mm

Source weight 1400 kg
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First Spectra

—fit ||
—real||

w
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Current [z A]

o3t

An. r\nﬂ

1000

 Chamberaxisfrml e e

B N R O e e

Maximum Extracted O%*: 600-650 mA

Gas mixing O- He: @ 1.3 10~-7 mbar

B_{min}/B_{ECR}: 0.757

MagField 0] e
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and temperature
3. The decay-products can be tagged by y-rays or by XRF on accumulation targets

2. The Charge State Distribution can be modulated according to the plasma density

1. Plasma can be obtained by (almost) any element, includ




B X-ray line
\
— /I
J / By D. Mascali S. Gammino “ gad}:atlon f(;r
| . 4 :  Archaeometr
\\WN\— P. Romano 3 y

Dlagnosncs branch

\ N ; " Astrophysics,
\) D ; a8 Nuclear
Samples holder | E 2 DEC&YS

\
Output ion beam

i e = = = =
. Ll Y *Kr[Ti2=10.76 y, s-process, y@514 keV]

RF launching — / ’ § |
system N § 1 178Lu [T12 = 38 Gy, (CosmoChronometers;)
Liquid-N cooled axial X-Optical-MW | @ @ 202.88 & 307 keV]

and hexapolar coils diagnostics

187Re [T12 = 50 Gy, (CosmoChronometers)
noy—> 870s.] :
87Rb [T12 = 48 Gy, (CosmoChronometef's
no y —>%/Sr.]

Magnetoplasmas § :
lab t | | 'Be [T12 = 53 d, (BBN, solar neutrino)
1N laboratory  SEGIvedN A

Let’s trap beta-decaying radionuclides in
- magnetoplasma, thus studying if and how
the lifetime is affected by the atomic charge |
state and by the “environment” |




Nown-inkrusive plasma
diagnostics mebhods

1-10 eV " upto12keV
A

Optical

Plasma Immersed Spectroscopy for pin-hole cameras for X-ray HpGe/scintillator
antennas cold plasma (few eV) Imaging and space resolved detectors for hot

+Spectrum density/temp. spectroscopy plasma
Analyzers measure characterization

ﬁcﬁ suring the pla sma &Q&&j U ’iﬂ&mn& energy
regimes: éehsitj, t&mrtmture and plasma skructure
evaluation under different operative parameters




Nown-inkrusive ptasma
diagnostics methods

s 4 4 A ¢
Visible & UV Soft-Xray Hard-Xray

(3 kHz-300  (1,6-12 eV) (10-120 eV) (0,12-12 keV) | (10-100 keV)
GHz) v v v

Optical plasma
A Observation
- Spectroscopy 1D/2D
~ density-temp.

~ measurement

Microwave Interferometery measuring plasma density

We need a tool able to measure density of electrons with an externally injected

“probing” radiation (no perturbation since P io/Peyciting<1%)

- Density measurement technique no-longer based on plasma emission but on
“response-on-transmission” of microwaves through the plasma

 MICROWAVE INTERFEROMETRY




X-ray detector 1
- (HpGe @ 50 keV-2 MeV)

Magnetic coils
for axial trap

= Experimental setups for
mi‘a‘?@‘,‘;“if.?iiv, Srmersed SPACE and TIME-resolved

plasma immersed
e probes

characterization of
magnetoplasmas in compact
Multi-pin RF probes traps, including kinetic

' allow to measure

| polarization: how to § turbulences

distinguish between R L o T R S O 5 B D S S L B8 S e
O and X modes

radial ‘multi-pins’
RF probe

Spectrum
Oscilloscope Analyzer

F ; Al window
/ Pinhole

Analyzing ' : X-ray
magnet _~" camera

HpGe detector
\ Nt

2 ‘ N ‘.;;_.;'- :
Pb collimator Kapton foil
L=300 mm D=25 um
D=1 mm t

. Hexapole
Faraday cup L
(CSD)

VL
camera

~ [see also E. Naselli et al. poster presentation, this conf.]




(3 kHz-300 -
GHz) ¥ GHz-430+

| TH 2) - Optical plasma

Observation

(1,6-12 eV)

Spectroscopy 1D/2E

density<temp.
measurement

Temperature [KeV]
N
N O W

[y
o

Y N23.747BGHz
e N,2.45GHz
® He 245GHz

(10-100 keV)

b 4

. "g{ﬁg‘:@; ..:...'. .:E.'

.* .;:{#‘._"f

A h

.'q

300

400 500

Energy [KeV]

n e
[ Bl

600




Correlating X-ray fluxes, plasma density
and <gr: volumetric measurements

Measurements at GSI (March 2013):

impact of the pumping wave frequency on the X-ray spectra for either
intermediate and high energy levels

SDD detector for warm HpGe detector for hot Collimation system for the

electron component electron component detection of the p/asmg-c.ore
(only) X-radiation.

collimator

’[- _ , Pre charnbes
; Measuring plasma radiation
emission (X-ray domain) in near
axis region.

8 um Kapton foil
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% Three detectors were used for a broad characterization of the EEDF
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Plasma chamber =i
. S

SDD detector
or CCD camera

Bending
magnet

Faraday cup I

drilled collimator for
near axis ispection

S e

extr. hole = 1 Omm

plasma

me

foil




;;é

HpGe detector

F 55

SDD and HFGQ ‘Seﬁmup

Plasma chamber

=

Faraday cup

=

SDD detector
or CCD camera

Counts

SDD - Silicon Drift Detector (SDD
- 80 mm? active area) for

measuring warm X-rays in the
2.5-30 keV domain.

25 mm?Zx 500 pm

5.9 keV
*Fe
125 FWHM |

11.2 ps peaking time
100,000 CPS
P/B Ratio: 8200/1

Energy (

keV)

HpGe - HeGe Detector (3000 |
mm?) active area for measuring

hot X-rays in the energy

domain 30-400 keV
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Non-inkrusive ptasma diagnostics methods

RF IR Visible & UV EUV Soft-Xray Hard-Xray
! | _9
(3 kHz-300 | (300 (1,6-12 eV) (10-120 eV) (0,12-12 keVv) | (10-100 keV)
GHz) GHz-430
THz) .
Optical plasma X-ray Pinhole Camera
Observation Imaging & 2D- SDD - HpGe
Spectroscopy 1D/2D Spectroscopy X-ray detectors
density-temp. 2D energy distribution ana Spectroscopy
measurement (relative) density

X-ray imaging ’.




CCD camera ‘Se&-—-u.p

Plasma chamber Object (plasma)

58 .
HpGe detector Pinhole

N
(= e (=
L 3 SDD detector

Bending
magnet

: or CCD camera

Andor Technology - Newton
Sensor size 27.6 mm x 6.9 mm
Pixels 1024 x 255 (0.3 MP)
— : : | | Energy Resolution 150 eV
= xa‘ﬁfr\’, el | = Energy range 1-10 keV

Faraday cup

’

, . Magnification 0.082-0.124-0.158
\ SN S = . 4 8¥E Pin-hole diameters 75 um and 100 um (W and Pb)

—

Pin-hole holder

Aluminum Window




X-ray imaging

Varying the pumping wave frequency (F.T.Eg

crop on the whole plasma - log scale

13.24 GHz

crop on the whole plasma - log scale

N QP on the whole p

NN

lasma - log scg)

crop on the whole plasma - log scale

T T

PN 1284 GHz— .- 2o 12.84 GHz - colls 60%

25 R

) T ¥

50 100 150 2 0 40 80

Varying the magnetic field strength

B e 20
| T




Plasma inspection after energy filtering

13.24 GHz - distribution at ditfferent energies

(equalized pseudocolor maps)

520 520

s00 500
120 120

100 100

20 20

1.5<E<2.5 keV

520 320

500 300
120 120

100 100

a0

| BOP Publishing Plasma Sources Science and Technology

| Fasma Sources Sci Technd. 26 2017) 075011 (14pp) nps://doiog/10.1088/1361-6585 /aa758

| Electron cyclotron resonance ion source
| plasma characterization by energy

dispersive x-ray imaging See S. Biri’s talk for last news and experiments!!

R Récz'”, D Mascali’, S Biri', C Caliri’, G Castro’©, A Galata’,
S Gammino?, L Neri’, J Palinkas', F P Romano® and G Torrisi-




Advanced design of the plasma chamber walls
oriented to spa&ia\uv“resotve_d X-ray spectroscopy

X-ray image from 2014 experiment

Measurements in 2014 show that fluorescence
lines can be used to get info about where the
electrons collide on the chamber walls!

Now, in order to have well separated ; E
component of the emitted X-ray: W Tirets 0
- special design of plasma chamber Al plasma electrode || Ar plasma
for studying confinement dynamics 104;\%& D "N Ep——
(plasma vs. losses X-radiation emission) ol i | plasma chamber

ol MMMW

Inj. endplate 10'} = : - : = .
Ta - La @ 8.1 keV ' energy [eV] . 4

ral
h%4

%

Y

V)
\
iy

o

1
AL

Already in 2014 PhC X-ray

Ar-plasma space resolved-spectroscopy was performed
Ka @ 2.96 keV

xt. endplate

R. Racz et al. Plasma Sources Science and Technology, Vol. 26, No. 7
D. Mascali et al., Review of Scientific Instruments 87, 02A510 (2016)




nced design of th

High-spatial resolution, time integrated images with an exposure time of 50 sec

- Counts estimated in each ROI rely to n-E, i.e. including both photon flux and
energy content

1000

X-rays coming from magnetic
branches consist of mostly
fluorescence from Ti

X-rays coming from plasma are

mostly due to ionized Ko Argon lines
- 425

Flux in Branches+Poles=LLOSSES
Flux in red rectangles: PLASMA

1000 a0 am a0 G600 S0 400 30 200 100

Decoupling of n vs E will possible only after the spectral analysis
(already acquired but not yet elaborated)
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o =

Freq. dom. solution
- step 0
(vacuum cavity)

Particle Tracking
step 1
(vacuum

field+plasmoid-halo

initial density distr.)

Freq. dom. solution

step 1
(70% density from
plasmoid halo
model+30% step-1
density structure)

Particle Tracking
step 2
(70% vacuum field +
30% step-1 full-wave
calculated field)




Energy density in 2-12 keV range on xy plane z=0 Energy density in 2-12 keV range on xy plane z=0
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Including tonization

|, AR ot - Lotz formula for multi-ste
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e o T LR/ T i/ Te + cij . ionisation
cold%electrons
\ — Starting from 3D distribution of electrons in the

plasma, maps of ions distribution can be obtained

5 : f Projection on xz plane of ionization map for O
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lasma modelling

2.5<E<3.5 keV Ar K-lines

magn. pole magn. pole

50 100 150 200 250 300

X-ray fluorescence from Ar ions B e v
in the plasma F ~
P cold-electrons warm electrons

—

«

3D self-consistent simulations very
well reproduce energy content
distribution of the plasma, which in
turn fits with experimental detected
displacement of Argon ions
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SANN. G. Torrisi et al., Review of Scientific Instrumentsl 87, p. 02B909 (2016).
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REVIEW OF SCIENTIFIC INSTRUMENTS 87, 000000 (2016)

The first measurement of plasma density in an ECRIS-like device by means
of a frequency-sweep microwave interferometer

D. Mascall,'@ G. Torrisl,! O. Leonardl,! G. Sorbello,!2 G. Castro,! L. G. Celona,!

R. Miracoll,® R. Agnello,! and S. Gammino'
INFN - Laboratori Nazionali del Sud, 95123 Catania, Italy

YUniversita di Catania, Dipartimento di Ingegneria Elettrica Elettronica o Infarmatica QS195 Catania Ttaks E
3ESS Bilbao, 48170 Zamudio, Spain TABLE L Horn-to-horn signal beating frequencies and corre- |

. ) ) .| sponding indexes of refraction. Comparison among the three
(Received 29 June 2016; accepted 15 September 2016; pl.lbllf cases: empty, paraffin, plasma filled cavity.
Medium PRF[\V] wbcag[rad/sec] refr. index N
Empty Cavity 0 27 * 0.397 1*
Bulk Paraffin 0 27 % 0.380 1.43"
Plasma 150 27 » 0.407 0.79 £0.11°

2 assumed by definition for the absolute calibration.

b in agreement with the literature value Noga - ~ 1.45.
¢ Error evaluation in a series of ten measurements.
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- Faraday rotation measurements
Final Design of the OMT-Dased system

waveguide

Plasma Chamber

Motorized stage for
OMT fine rotation

A new interferometric/polarimetric setup for plasma density measurements in compact microwave-based lon Sources

G. Torrisi, E. Naselli, D. Mascali, G. Castro, L. Celona, G. Sorbello and S. Gammino
2017 J. Inst. 12 C10003 https://doi.org/10.1088/1748-0221/12/10/C10003
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Original Analysis method development
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Data seem to say temperature and abundances of warm/
hot electrons depend mostly from axial gradients
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Considerations on the role of the magnet )
field gradient in ECR ion sources and
build-up of hot electron component
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~ Probing turbulent plasma regimes
(CYCLOTRON MASER INST.) in a Time-
Resolved waY
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~ Analysis X Utilities © Support
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- Kinetic instabilities in a mirror-confined plasma sustained by high-power microwave ;
© radiation £y

A. G. Shalashov, M. E. Viktorov, D. A. Mansfeld, and S. V. Golubey | !offusine Piasma Sources Sclence and Technology |

3 Py =
3 Plasma Sources Sci. Technol. 23 (2014) 025020 (8pp) dol:10.1088/0963-0252/23/2/025020 R a d l O - B u rs t S g
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Beam current oscillations driven by

+ Citation: Physics of Plasmas 24, 032111 (2017), . . X .. 5 :
3 — . cyclotron instabilities in a minimum-B e

electron cyclotron resonance ion
source plasma

O Tarvainen!, | Izotov?, D Mansfeld?, V Skalyga®?, S Golubev??,
T Kalvas', H Koivisto', J Komppula', R Kronholm', J Laulainen'
and V Toivanen*
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Astron. Astrophys. 229, 206-215 (1990)

orrelation of solar radio pulsations with hard X-ray emission
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INFN-LNS
Plasma studies

INEN-LNL
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Subatomique et de Cosmologie|
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vl University of Michigan |
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Pl el & Starting a new synergy with
Astronomy/Astrophysics!!!

the first MoU to
be signed by the two institutions
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PANDORA’s fall-out for
Cosmic Magnetic Fields

Since George Ellery Hale
(1908)

we measure LS-coupling
magnetic fields

No magnetic field Magnetic field

e~

Qutside the sunspot, the
magnetic field is low

and this iron absorption
line is single,

S

Within the sunspot, the
magnetic field is strong
and this iron absorption ‘
line splits into three.

(b) The spectrum in and around the sunspot

|

(a) A sunspot




Alfvén waves source for coronal heating

First-light
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Astroph ysics
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Magnetic reconnection source

of solar mass ejection
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Chemical evolution
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NASA’s Magnetospheric Multiscale,
or MMS, mission studies magnetic reconnection
near Earth so we can understand it everywhere.
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Figure 2: Left: Line opacity as a function of wavelength, comparing elements with d-shell valence shell
electrons (iron, cerium) to lanthanides with f-shell electrons (e.g. Nd, Os). Right: Planck mean opacities,

Kp| = %%”—, for ejecta containing different mass fractions of lanthanides Xyg, the remainder being
non-lanthanides Xge = 1 — Xyq. From Kasen et al. (2013).
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The presentation is the results of a collective effort by senior and young colleagues!

Many thanks to Santo Gammino, Luigi Celona, Alessio Galata, Giuseppe Torrisi, Giuseppe

Castro, Lorenzo Neri, Eugenia Naselli, Maria Mazzaglia, Marina Giarrusso, Franco Leone,

Carlo Sportato, Tommaso Podesta, Gianluigi Cosentino, Mario Musumeci, Sara Palmerini,
Cristian Massimi, Vincenza Bonanno

Thank you for your attention!!
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€ We are now able to see what ho\mpehs ko the Ptasma and
to model through numerical sinmulations how it could be

happen differently (and tn a better way)

€ Microwave absorption oriented design is needed: Power
deposition into the Piasma must be done in a kcgktv
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Some ideas

K ST.‘LLL IN ECR-heating paradigm: are cylindrical shapes
of &he plasma chamber s&:,ii. mondatory?
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“Microwave-absorption-oriented” design

What are they? Why are they used?

Many radiators in close proximity Beam control with fixed geometry
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Alternative plasma heating @ 14 GHz
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