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Plasma at optical Plasma by X-ray
inspection imaging

Perspectives about the prociuﬁﬁwm of multiply-
charqged ions at high intensities:

Innovative schemes of microwave-to-plasma
natching
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| Overcoming the current Limits of ECRIS

- - Output beam

i EqMMle
Microwaves 5 5 - - 0MMte 2
in GHz range /7 { W, < W ) 7 < 2 W = Neytof f

W

ecRiayer [ |
<q> x N ECRIS STD MODEL
Beam characteristics ) > INTRINSIC
] x<n n, X Wy, Density
= limitation

1. High Frequency Generators to increase the plasma density;
2. High Magnetic Fields to make longer the ions confining time;

Brute force cannot be anymore used because of technological reasons
(magnets, hot electrons generations, plasma overheating, cooling, ...)

l Development of advanced diagnostics tools to

: - make a step forward in understanding heating
Alternative heatlng schemes |"* and confinement mechanism




Classical scheme of microwave

launching in a ECRIS

Switching to a
MICROWAVE
ABSORPTION
ORIENTED DESIGN
of ECRIS

Optimized scheme (single-pass
absorption) of microwave launching
in the WEGA stellarator at MPI -
Greifswald
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Same ques%mms.m

% Does exns& an EZ;L..QIS fme sErm‘:Eure wa&h res[oecf: &0 magv\eha
‘F"Qtd O\"\d Q‘: ":Tﬁquﬁ&\tv &MV\W\S)? : = =

O Tarvainen et al. Plasma Sour Sci. Tech 2014

D Mascall et al Rev Sc1 Instrum. 2014
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== 1 D. Nicolosi et al. ICIS-15, New York City L. Celona et al., Rev. Sci. Instrum. 2008

Some ques&crmsw

Does existk an INTERPLAY bebween bhe pl and

the beam shape, brightness, emittance? sim. density |

f:14.360 GHz f:14.365 GHz f:14.370 GHz

23.9 pA ; 24.6 A 24.5 pA

f:14.375 GHz f: 14.380 GHz f: 14.385 GHz LRRNEE Gz

. 24.2 pA

f:14.390 GHz 14.500258 GHz 14.533290 GHz 14.540000 GHz

Does the plasma distribute uniformly?

Are electrons of different energy domains meré-ec& each o&ker
or nokb?




on-inkrusive Ptasma *
mgmosh«t‘s methods

A A A
IR Visible & UV EUV Soft-Xray Hard-Xray

(3 kHz-300 | (300 (1,6-12 eV) (10-120 eV) (0,12-12 keV) | (10-100 keV)
GHz) ¥ GHz-430 ¥ v v v

THz) Optical plasma
Observation
Spectroscopy 1D/2D
density-temp.
measurement

Microwave Interferometery mea
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$ HpGe for “hot electrons

¢ SPD for

% Three detectors were used for a broad characterization of the EEDF




SDD - ‘Se%u.[z?

Plasma chamber S i
>

HpGe detector

ECR

SDD detector

g A :
Bending SEROREES , or CCD camera
magnet

PR —c

»

Faraday cup

/.

Collimators

25 mm?*x 500 ym

5.9 keV

25 o . | T Yl Bulk lead 155 mm long ¢
me I B Sl \ o drilled collimator for

11.2 ps peaking time

100,000 CPS I AN\ ¥ o .
e i\ ~ near axis mspection

P/B Ratio: 8200/1

Energy (eV)

extr. hole =10 mm

Skl
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flux and modal dehsi?:j
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Global Quantum Efﬁc1ency of the SDD setup
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CCD camera ‘Se&-—-u.p

Plasma chamber Object (plasma)

HpGe detector Pinhole

% ECR ~ ’
‘ \-/ A% SDD detector

Bending
magnet

or CCD camera

Andor Tecnlog - to

Faraday cup -
Sensor size 27.6 mmx 6.9 mm

Pixels 1024 x 255 (0.3 MP)
Energy Resolution 150 eV
Energy range 1-10 keV
Magnification 0.082-0.124-0.158

—

__Pin-hole diameters 75 um and 100 um (W and Pb)

Pin-hole holder

Aluminum Window




X*raj imaging

e ‘r

€

X-ray imaging: single frame acquisition, up to
30-40 sec. heeded, no energy information;

€«

Photon Counting mode: from 107 ko 0.3 sec,,
depending on the ROI.

¢ A Stainl-Steel grid was placed at injection
adpta&e allowing F?Lasma imspaa&ioh

# Spatial resolution is high enough to find
the mesh i X-ray images

e




crop on the whole plasma

>

» "v

/12:84 GHz”:

Vi

50 100 150 200 250

crop on the whole plasma - log scale

“ro\v imag EMg

crop on the whole plasma - log scale

°12.92 GHz

crop on the whole plasma - log scale

#

100 150 200

crop on the whole plasma - log scale

12.84 GHz - colls 60%

crop on the near 2xis plasma - log scale
" ' - . J

From a general inspection of the pictures, it is

clearly visible the structure of the plasma:

the hole in the near axis region

the branches due to the electrons escaping from
the confinement

es=Ard+ current [uA]

e=(m»SDD counts/s

he hot spobs due to Llosk electrons produti.ng

0 T T
12,7 12,8 12,9

bremss&rahtuhg radiation when impingivxg on the
chamber walls.,
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inspection by energy fi

CCD camera Spectrum — Space resolved Specctroscopy
~X-ray Plasma Spectrum detected by using a CCD Camera
- like a common X-ray detector |

XRF characteristic emission lines

fluorescence line selection

-
(8]
o

Conteggi

Excellent energy resolution
133 eV@Fe-Ka

-
o
o

(8]
o

Energia [keV]

12




Plasma inspection after energy filtering
12.84 GHz - distribution at different energies

(equalized pseudocolor maps)

E<1.5 keV ’ 1.5<E<2.5 keV 2.5<E<3.5 keV - Ar ions

more ions in
off-pole regions

200 250 500
structures 1n

the “arms”

3.5<E<6.5 keV 3 E>6.5 keV

hot electrons imping in
small spots on walls




i

.'?L\.»

A e
g N

Plasma inspection after energy filtering
12.92 GHz - distribution at ditferent energies

(equalized pseudocolor maps)

—

 — : —_—
E<1.5 keV ] 1.5<E<2.5 keV ] 2.5<E<3.5 keV - Arions %

E>6.5 keV Whole plasma
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Comparison with setf—-ac»&«s&s&emﬁ sinmulations

- ~ EF+1vxB——0
Solving the time-dependent Viasov * dt — moy C
equation, including single particle collisions f

v q |z V- E
Tt oy 2

CoIIisins by Langevin
- method [jointly A.Galata LNL]

Step-by-step current

Calculati f
Step- by-step plasma ( alfnt;iw:“o

density , equations
with f(x,v)

Evolution of
particles with
self-consistent
field
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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)




Plasma shape at different energy domains
S 12.¥4 Hz

[ Cold Electrons

E<1 keV
concentration in the near axis region

-0.005

-0.01

-0.015

-0.02

0.025 -0.02 -0.01 0 0.01 0.02

Warm electrons
2 keV<E<30 keV
bright annulus with intense spots in
off-pole region

Hot electrons
E>30 keV
broad annulus well inside the

-0.005
-0.01
-0.015

resonance layer
-0.021

-0.025

-0.02 -0.01 0 0.01 0.02




parison to self-consistent simulations
1292 GHz

Experimental result Ar-fluor. 3 keV Simulations - warm electrons at 2<E<30 keV

¥ Argon ions occupy far-from-poles positions: from comparison
to simulations ik comes outb there warm electrons (having
enough energy for lonisation and excitation) are placed

¢ Next step: comparison of two ‘Frequenties




omparison to self-consistent simulakions
12.¥4 + 1292 GHz

1292GHz |  12.84 GHz
warm-electrons § . | | - warm-electrons

N

12.84 GHz
Ar fluor. lines

12.92 GHz
Ar fluor. lines




Comparison to self-consistent simulakions
12. ¥4 (Hz
cold-electrons warm electrons

«—

warm electrons

0
-0.02

-
Simulations 0.01

E<1.5 keV 1
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av\d ‘P@.rspec&wes

€ We are now able ko see whak 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

cem&roi.i.eci wavj ,,,,___._,)

Some ideas

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

® OVEEL_OMING ELQ*h@.&EMg paradngm' on-purpose clesc.,gn
c:wf i.au&u:hars |




Overdense Plasma generation
axial Lawnching in off-resonance mode

1400 e

/
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Q
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Test-bench for exploring modal conversion at

o)

Spectrum analyzer for inner plasma
electromagnetic spectrum detection

>

Power meter for intra-plasma

Resistivity curve

EM power measurements

0
Voltage [V]

100
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Temperature [KeV]
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"o N,3.7478GHz

Electron Density [mi°x10']]
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Magneti field [G]
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4 - Enhancement of
o - plasma density of
| one order of
¢ o o o 2 - magnitude at the 1°

0

50 ' 100 150 §
Powetwvat]

harmonic of the

 Evidence of strong non linear L.
~ heating above a critical threshold  First harmonic

_‘: Experimental observation shows a non-linear growing of plasma temperature and density, with a
- JUMP above a certain threshold of the RF power.




f Fron op&cat ko ~ray EMSF‘QCEEOM
Fhe praj Pm-“hoie CAMRET

Optical imaging

Images in the optical window, taken through an off-
axis DN40 flange, evidence the generation of a
high-brightness annulus surrounding a dark hole.

| [ Transversal reconstruction

Ciavimacing L 4 of the plasma structure in
Svidences that the X=-ray domain (1-30 keV).
pumping power is

deposited in the cpi'f:ser

annulus, where the

A high energetic electrons
brightness strip are generated
appears due to

electrons

' G Plasma hole
impinging on the X-ray |ma-g|pg 5

chamber walls
(bremsstrahlung
through the
stainless steel
walls)

gas:Argon
pressure:3*10-4
mbar

RF power:100W
100 frames -

1sec exposure for
each one




ing the Ptasma demsiﬁv i all
Fhe enerqgy Aomaiing
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ry Sensitive evaluation of "lasma
density by micowave Interferometr




WAVE GUIDE

|—<—HEFEHE"JCE LEG-—-—-{
GENERATORE
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Interferometer
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How to calculate the density n of the plasma :
- 1 Microwave

f W . interferometry
ag = c : " measures plasma
| density through a
The plasma measurement of

In plasmas the phase variation : _
depends on the “ natural plasma frequency - phase shift.

depends on the

frequency” ity
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L =266 mm
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Im&erﬂferumeﬁr i ECKIS:
Aitfferent tools

“Sizing” of the

Parameters

Frequency MIN : 20 GHz —— down to 18 GHz
Frequency MAX 24.5 GHz —> up to 26 GHz
Frequency CENTRAL 22 Ghz

Wavelength 13 mm

Horn aperture radius 12.5 mm

Standard WG radius 5.03 mm
16 mm
9.57 mm
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Interferomelry in ECRIS:
anbkeninas characterizakion

I?ile View Channel Sweep Ca_ITbralion irace Scale Marker Spstem Window Help
Format: 1 of 3

0p0 GHz  -P4.460 4B

30.00

20.00

10.00

0.00

-10.00

-20.00

File View Channel,

+30.00

Format: 1 of 3

+40.00

Conical Horn

50,00 = 14
Ch1: Stat 18.0000 GHz — Stop 26.5000 GHz

Status CH1: 522 | C 2-Port 150,
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Interfero me&rv n ECKIS: ‘
the ﬂfrequemcv sweep nmebthod

The method is based on the frequency shift of the beating signal
given by the superposition of the reference leg plus the plasma leg
waves.
The beating frequency cab be fixed as long as the ramp relation “freq. vs.
time” is chosen in the following way:
‘ Jdw ok, 2a
| - AL—+ —

ow C

1

1

= constant |

%
Rapidly increasing frequency produées a betn whose S(w(t)) shape
function assumes the following form:

—
-

wBO B ot

|

| S(w)x2A? COS?‘[ AL\/a)z—a)f

The presence of plasma (accounted by the plasma frequency w, ) only shifts
the beating frequency, while multipath introduce spurious components in the
spectrum
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~ Interferomebry in ECRIS:
 the frequency sweep method
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Numerical modelling of EBW-heating
Displacement of resomances and cutoffs

Results are compatible with the transition
from directed FX-B absorption to the more
efficient O-SX-B
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Microwave Launhching ﬂfc:wr EBW generation

Wave absorpt
|

OVERDENSE
PLASMA

0 1)

Plasma wave

Cutoff layer

Incoming e.m.
wave

H s
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& resonance

L

Oblique Propagation

X-Bw = =

conversion

otz 10N
Bernctcis tlaves

Strong BW
absorption at the
second cyclotron &
harmonic. ©
o

v

Direction of
the magnetic
field

a); / @®  or density

Oblique launching allow a more
efficient matching of the incoming

microwave radiation with the self-
oscillations of the magnetized




“Microwave-absorption-oriented” design

What are they? Why are they used?

Many radiators in close proximity Beam control with fixed geometry

E
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heating
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Flexible Plasma Trap for modal conversion
now under assembling ab LNS

WG-branch 1

TWT amplifier

WG-branch




~ Boosting plasma density in a Two-Pumping-wave
- cenario

e by Start with one frequency in
order to establish a proper
density Fwo{ii.e

ﬁ‘., \

>
5 14 GHz

e e e e e e o o e e e e e e e e e e e e e e e e e e -

Launch a second wave for -’ :

I \

modal conversion and ! ,
: - I density
second harmonic heating :

i

¢ the modal conversion is a
densiby-magnetic field

profiles dependent process

~» mastering plasma structure is mandatory for conversion

optimisation
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- Mechanical Impi.emev\ ation at

Phased waveguide array of two elements

Custom 2
Waveguide array

LETOWAVE
Launcher:
| pro Fosed se&u,p'

Power
Divider

Jaquiey)
ewse|d

MW component procurement completed

Custom 2
Waveguide array

' » : : | lex.
§ TWT O\W'\PL‘ 13.76-14-.6 (=Hz power | | Phase 'II:'wists

Divider | | Shifter

¢ Power divider
§ Phase shifters

¢ flexible waveguides




Launching

Two-waveguides array for muw.

Microwave launcher Antenna assembly

Phase shifter

Power divider Two Cut Waveguides Array as antenna
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. L Main lobe direction= -15°
Main lobe direction= 0°

Measured diagram

Measured diagram

| Simulated diagram - Simulated diagram

Main lobe direction= -20° Main lobe direction= -40°

Measured diagram e } Measured diagram
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Beam diagnostics F = e

Langevin formalism and Plasma
003 charge breeding process , , iy modelling -
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