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Outline of this talk:

1) Basics, measured quantities, principles and some physics
(here we stick to the magnetic field, electrons and protons)

2) Techniques, practical considerations and some results
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Challenges in a fusion
relevant plasma:

- It is extremely hot

- Impurities can pollute it
(anything heavier than H,D,T)

=>»Nothing made of material
can touch it

- Intense EM background

- Wide range of timescales:
Several seconds 1, L/R,...
<~ GHz-range: fast MHD,...

T>108 K

( about 10 keV)

Only H+, D+, e-
(ideally); reactor: T+

In reality: also

traces (!!) of
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The most important ingredient for plasma fusion: the magnetic field



] Max-Planck-Institut
The concept of nested magnetic | fyer Plasmaphysik

S TEITE flux surfaces EURATOM Assoc.

Unternehmung
Wendelstein 7-X

The concept of nested magnetic flux surfaces:
Almost all quantities are constant on one and the same flux surface

Problem: how can we map from magnetic coordinates { Z, 0, ¢}
to ,real-space” coordinates [X, y, z]?

The situation is relatively ,simple”
in a tokamak:
there we have axisymmetry !

Magnetic
field vector

# Flux
surfaces

Magnetic
axis

Poloidal cut
Hutchinson: Principles of plasma diagnostics 5
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The situation is more complex
Wendelstein 7-X

Eummm ,x in a stellarator: full 3-D !

W7-X: an artist’s view

W7-X: Change of the plasma shape with the toroidal angle

18 deg 25 deg

36 deg 45 deg
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The situation is more complex
in a stellarator: full 3-D !

W7-X: an artist’s view

W7-X: Change of the plasma shape with the toroidal angle
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:

B

Vp=]xB

The famous pressure equilibrium:
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The famous pressure equilibrium:

Vp=]xB

Typically, the radial ion transport
is not exactly equal to the

electron transport

=»a radial electric field E, builds up
until an equilibrium is maintained
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Talking about the magnetic
field (variation)

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

Ampeéres law provides the toroidal
plasma current

= |

plasma —

ILl().

) B,dl

U dt

10
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Talking about the magnetic
field (variation)

WENDELSTEIN 7-X

Diamagnetic loop

//— = \
,/"'/—/__ \\\\\

/ w The pressure equilibrium provides in

. . , simplified cylindrical geometry:
Ampeéres law provides the toroidal

plasma current

:ji.dﬂzipsedl Vp=jxB
ILlO. 2
dp d(B}) B, d
2ma [ /uo_"'_(_J"' _( Be):O
= | asma = U dt dr dr{ 2 r dr
NAIUOU a

a 2712

7B, B,

0

‘Ll2| 2 7Z'/Ll L a
0 ' plasma n ()VacJ‘er3dr
878, R )

11
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Diamagnetic loop

puoltege ey
///i;////f——m\\:::\

/ w The pressure equilibrium provides in

. . , simplified cylindrical geometry:
Ampeéres law provides the toroidal

plasma current

Vp=jxB
cqio L f dp d(B2) B, d
—|7-0a="L¢Ba do . d(Bi), B d oy,
j ILlO .P ’ IuO dr dr 2 r dl’( 6)
271a [ a 212 a
= Iplasma:— U dt D= _%J‘ prdr + M1 (a) n ”ﬂOIjZB¢r2dr
NAL, | B, 1 878, B, 1

212 a
_ /,IOW Hy plasma n T oL ac J jzr3dr
37RB, R
p plasma = k (neTe+niTi ) = Wkinetic :J. k (neTe (F) +niTi (F)) d 3r

12




Unternehmung
Wendelstein 7-X

WENDELSTEIN 7-X

The location of the
magnetic coils in W7-X
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.....then we continue with the magnetic field and the electrons.....

14
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Q0!

e_
gyromotion

15
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EM-emission and the B-field fuer Plasmaphysik
EURATOM Assoc.
: eB
Frequency of the emitted wave 5 =|  Doyetotron =|.==
me
Emission parallel to B =>» no harmonics (I = 1)

Emission perpendicular to B: = polarization perpendicular to B: X-mode

=>» polarization parallel to B: O-mode

2 = 2 2
a’P =const~a)zz V121 J, OVy +V§ J, oV, O(ow-lw,)
dodQ C ®C ) C @®,C

I=1 ¢

16
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\lfvr:re];ﬁshtgﬁnﬂx EM-emission and the B-field fuer Plasmaphysik
o EURATOM Assoc.
: eB
B» Frequency of the emitted wave 5 =|  Doyetotron =.==
me
Emission parallel to B =>» no harmonics (I = 1)

e_
gyromotion

N, =1—>Ap=0

vac

N zl—>Ap#0

Emission perpendicular to B: = polarization perpendicular to B: X-mode

=>» polarization parallel to B: O-mode

2 = 2 2
a’P =const - E V121 J, OVy +V§ J, OV, -0(w—lw,)
dodQ C ®C ) C @®,C

I=1 ¢

The EM-waves experience a refractive index N for o > ®

cyclotron

2 ] 2
w ne
2 .1__"p.. _ e
N~ ~1 2,a)p—\/
g,M,

Below the (electron) plasma frequency the plasma becomes conductive
= EM-waves are absorbed (reflected) = cut-off density (for X-mode !)
= N approaches 0 =» waves are reflected

=>» higher EM-frequencies can travel freely but experience a phase shift

17
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And more about the
magnetic field.....
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Array of microwave senders on the bottom
and receivers / polarizers / interferometers
on the top

H.J. Hartfuss, W7-X Team
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Interferometry: measure the phase shift

12

Agoocljﬂﬂl

11

Faraday rotation: measure the polarization angle

12

o oc /12-[ B,ndl

1

The Cotton-Mouton-effect: see Faraday-rotation

12

aocﬂfJ‘BLnedl

Array of microwave senders on the bottom I
and receivers / polarizers / interferometers

on the top

H.J. Hartfuss, W7-X Team 19
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ECE, electron temperature fuer Plasmaphysik
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B (R)

Torus axis

—
— —
—

/
oy, 86

Radiometer

L 1 (w) =

In a toroidal fusion experiment holds roughly:

- B(R)xI/R

The emitted frequency o from gyrating electrons
is localized:

2
a
3.2

87°C

T, -(l—e‘f)

With the optical thickness 1 for (ideal) blackbody

] ITAVINN

radiation (t =» infinity at cut-off n,) it follows:

| (@) T, (R)

At the cutoff-layer the blackbody-limit
is reached, here the plasma is optically thick

H.J. Hartfuss, W7-X Team 20
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..... and some (beam assisted) active diagnostics.

21
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Thomson scattering: n, , T,

WENDELSTEIN 7-X

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

Hutchinson: Principles of
plasma diagnostics

Spectroscopic observation

N

intensi

N

o

ity a.,u.)
o o
1

-

T T T T T
T,=0.5keV i

The moving electrons scatter
the laser light. Their thermal
velocity produces a Doppler
shift (line broadening).

At higher temperatures a
relativistic blue shift occurs.

The Thomson cross section:

2 2
87 e
GThomson = 3 472'8 m C2
0'"'e

22
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Hutchinson: Principles of
plasma diagnostics

Spectroscopic observation

N

ity a.,u.)
o o
1

intensi
b
1

o

T T T T T
T,=0.5keV i

A
e
zZ

-~ m\V

The moving electrons scatter
the laser light. Their thermal
velocity produces a Doppler
shift (line broadening).

At higher temperatures a
relativistic blue shift occurs.

The Thomson cross section:

2 2
87 e
GThomson = 3 472'8 m C2
0'"'e

The scattered light intensity is proportional to n,, :

d 1 (A)ecn,(r) /%-exp{

according to a Maxwellian distribution with a mean velocity

2

sz: } dVZ z — line of sight

A
[S]
z

8KT
= / £ = A = - =f
P me j’Broad ﬂ"Laser C (Te)

23
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n=3 E3 + 6 AE
E3 + 3 AE
> E3

A E3 -3 AE

Spectroscopic B304
+ polarimetric

observation
n=2 E2 + 2 AE

E2
E2-2 AE

H ;mshifted — 65 6,3nm

High energetic beam of
neutral H-atoms



The motional Stark effect:
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TTTGGONTAT Beam Emission Spectroscopy EURATOM Assoc.
n=? oot The neutrals experience a relativistically
> E3 transformed E-field from B by:
A E3-3 AE
E3-6 AE

Spectroscopic
+ polarimetric
observation

n=2 E2 +2 AE

E2
E2-2 AE

H ;mshifted — 656,3nm

High energetic beam of
neutral H-atoms

—

E =VxB (=V, -B,)

motional
leading to a Stark line splitting of the Ha line

3a,e4.V, > -2 >
= 2 2am /B sin" QQ+B
2hc {B; ’

A

with the o to « line intensities | and the
definition equations:

tan@ =+ 2'” ;tang:tan}/M
| —1 sin Q2

o T

r
one can evaluate q by: tany = R_

99a99985¢

are angles between the electric field and
the viewing line, line of sight and the
toroidal direction, between beam and
toroidal direction, the measured

polarisation angle, the toroidal angle .
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Photon = spectroscopy
Spectroscopic or NPA @v
observation

Ql

@ O Photon < spectroscopy

% Escaping neutral H

High energetic beam of => NPA

neutral H-atoms
26
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A graphic ,explanation® for the x Guiding
Wendelstein 7-X

diamagnetic effect centre

WENDELSTEIN 7-X

v
O O Q Light detector
AVAVAS

®B

Observation
volume

W More red shifted photons
More blue shifted photons

SAVAVE JYUP LU >

0,.0 0 —

vn, VT,

=>» Spectral line shift even with
fixed“ guiding centres x Guiding
=» diamagnetic current (drift) centre

27
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Within the moving reference frame of the ion’s Larmor orbit guiding centre holds the equation:

AL T,

2
A :cesz'v{ln(nI“'T' <) 7_M

_1+(a)|7| )2
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Within the moving reference frame of the ion’s Larmor orbit guiding centre holds the equation:

AL T,
A, ceZ, B

il T-41)) L -k

The ion pressure balance equation together with inertial forces reads:

—

Vp =] ><B<
7 v
m,n, (%—\t/+(\7-v)\7j:—Vp, —<Vﬁ>+n,ez, (*x B+ E)+Z Foomi

29
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Within the moving reference frame of the ion’s Larmor orbit guiding centre holds the equation:

AL =T o1, )
T P | I i L0
l, cezZ,B 1+ (o, 7,)
The ion pressure balance equation together with inertial forces reads:
Vp, =], x B=
V (. o Lo 3
. mn %t VN |=—Vp, - +n|eZ,( ><B+E)+2I2;mal

this provides for stationary conditions and small friction forces:

ofn, (N-T(Dj/or Ty(r)-y ¢, /or
el n1+1(r) e é’!

1+1

E, (n)=

B,V (r)-B,V, (1)

I+1

30
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Within the moving reference frame of the ion’s Larmor orbit guiding centres holds the equation:

AL T,
A, ceZ, B

il T-41)) L -k

The ion pressure balance equation together with inertial forces reads:

mn 88\: / VN |=—Vp, —(VH +n|eZ,(#x|§+E)+%ml

this provides for stationary conditions and small friction forces:

E ()= ofn..(n-T(}/er Ty a¢, /er
r eZ,,n.,(r) ez, <

/

and the normalized radial gradient of the excitation probability

B,V (r)-B,V, (1)

3

Z<G;ad .ijeam> ) antj)eam(r)/ar
o, lor L=

3
éVI Z <G;ad .ijeam> ) nl})eam (r)

=

31
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Evaluation of the radial electric field fuer Plasmaphysik

by measuring the EXB drift EURATOM Assoc.

The principle of CXRS (Charge Exchange Recombination Spectroscopvy) and the

NPA (Neutral Particle spectral Analysis)

Hpoqm + H;Iasma — ngam + (prasma — Detektor)

Hypum + ng;ma — Hpom + (Cf,j;sma + hv = Spektrometer)

Intens
Carbon
Concentration
/ Dopplerbroadening - Ion temperature
e
Wavelength

B i Ll

Dopplershift - Drift velocity

32
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The principle of CXRS (Charge Exchange Recombination Spectroscopvy) and the
NPA (Neutral Particle spectral Analysis)

Hpoqm + H;Iasma — ngam + (prasma — Detektor)

Hypum + ng;ma — Hpom + (Cf,j;sma + hv = Spektrometer)

4+ Intens

Carbon
Concentration

Dopplerbroadening - Ion temperature

/\
. Wavelength

i

ift - Drift velocity From radial neutral beam
attenuation

Oy, (N Ty (Nj/or  Ty(r)-y 9¢,/or

eZ.,ny, (1) eZ,,, ¢ "‘[BQV(/)(r)_ B(/’V@(r)]

33

Using the formula from above: E, (r)=
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Wendelstein 7-X

Outline of this talk:

2) Techniques, practical considerations and some results
(and now we see that (fusion) life has even more aspects....)

34
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Problems, problems,.........

WENDELSTEIN 7-X

Technical problem: how to get access to the plasma ?
Restricted space situation, narrow and long ports, restrictions by strong power
densities, laser beams, high voltage, neutron radiation, magnetic field, .......

Example: W7-X

Cryostat

Mechanical supports

1 human being —

And, finally, the plasma....:

35
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T. S. Pedersen_Stell. News 2004

Video screenshot of a
W7-AS plasma with
magnetic islands

at the plasma edge

‘Calculation

Fig. 3. Nested magnetic surfaces in CNT, mapped out

using an electron beam and two rotatable ZnO-coated
rods. 37
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Demonstration examples from WEGA: the fluorescence rod (ZnS) and the electron beam
together with the Langmuir probe array

M. Otte, W7-X Team
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Wendelstein 7-X ool magnetic field EURATOM Assoc.

Example from W7-X: the 5/6 edge island. Green = 12kA, blue = 10kA, red = 2 kA nominal coil current.

M. Otte, W7-X Team 39
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The principle of passive observation fuer Plasmaphysik
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Fan of chords

Detector

)

40
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1L

§ Plasma

Grazing incidence spectrometer for XUV

focusing grating

=—

by R. Burhenn

In the VUV-range: observation of highly ionized, heavy impurities

41
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< {t=0.410-0.414s, Scan# 101
CIv
Foa XVI
G I/
1 N
£ ClIo IV
= \
L
- G IV i
‘b / cim |/ OV ovi |
/ NIV cli
g / )
' Fe XVI
T ' T ' | - T I
2 4 5 8 1.0
Wavelength (&) 107

Dominating lines of Fe, C, N, Al, ........

R. Burhenn, W7-X Team
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grating=600 filnam=1D?33°1.asc spectr no=4
6000 | | ‘ | ‘
13. Jan. 2016; 13:18h
cll
H beta
:
4000 H gamma |
I
- I
%3000— —
= | ArLArIL el
CIIIQLOII, Fe | ‘
ﬁ F delta el Fe. Cu ?
n el 4565 A
| L0|,ov G Hﬁ 4|| |
w1 % L cull Nal / O } | | ! i
e Lo enwan ¢ ML
F U b L e V) L
0 L LS{ d | - "AP’IM‘—JW \N--J'J

Wavelength [nm]

N IIl, Arl, Cl I, Ne |
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Wn e(;n? tmun7gx lonization states appear in shells fuer Plasmaphysik
endelstein 7- .
NS around the plasma center EURATOM Assoc.
T Oxygen
ionization 1

Uxygen abundagces

8+ : states line of sight

Relative oxygen density [a.u.]

eV

Principle of the line-of-sight integration

R. Burhenn, W7-X Team 44
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Passive Ha observation
=>» neutral particle fluxes

Max-Planck-Institut
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For transitions p=2q

ho- qu/ZA

q<p-l1

r2

n (r)nA(r)< |mpact > r

v-{Branch.} . { Excit.}

Ha _
IA - 1_‘A

For fusion plasma edges: n, = 10" m=3 and T, = 10 eV holds as a ,good value*:

Ho detector

4r

[
rl
p

rl

vn,,

2

n (r)nA(r)< |on|zat > r

47 { Toniz.|

X

Branch * Excit 1

~
~

Toniz 15

Vessel
wall

45
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The net radial particle transport driven by fluctuation:

I <nV +nV +nV +nV

4 \

Steady state cancels out contributes
values out forg = 90°

vacuum vessel
window

filters

glass fiber

Measured by probes or optically:

poloidal \
position

gas valve

9=

photomultipliers

.,,. T

| MW:IF; "full

time

46
A. Werner, W7-X Team
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Z.« from the Bremsstrahlung of the
thermal electrons in the Coulomb field
of the impurity ions
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=7

> nnzi
Ly =

n2

e

e}tﬁ [W/m°ster A]
10° [

>1

eff = dw /I

d_P:1,02.1()—33 n-

T-averaged free-free Gaunt factor
summarized for all impurities

Bremsstrahlung

exp{—hw/KT,}

gff ‘Zeff‘

KT

e

10°
10’
10°
10

1072

T rrt T T

H- plasma + 5% Cb*

ITTT"II I T

T T T 17T

M.:Krychowiak, W7-X Team

~a

1111

100 Wavelength / nm4 000

47



Max-Planck-Institut
Plasma emissivity in the soft-X-ray fuer Plasmaphysik

S wavelength range EURATOM Assoc.

Unternehmung
Wendelstein 7-X

Important for bolometry and soft-X diagnostics: the high energy emission. The sources are:

- Bremsstrahlung (scattered electrons in the ion Coulomb field)
- line radiation (radiating excited electron states in impurity ions)
- thermal plasma emission (blackbody radiation, minor contribution)

-The number of photons per time, per volume and per energy interval into 4r reads:

dN exp{—E /T } 2 z 20 A\ 7 1/2 a3 -l
Eza-ne- - \/_X? : -[npmtgff +Z4N,0% + nzgbe(ne,Te)], a=9,6-10"eV''m’s
X X e / T \
Bremsstrahlung - electrons-protons electrons-impurities line radiation impurities/recombination

The W7-AS soft-X tomography system

i

A. Weller, ASDEX-U Team
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Soft-X radiation
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WENDELSTEIN 7-X

Soft-X diagnostics is sensitive to line radiation, Z.; , n, and T, , the emissivity is a function of the magnetic flux

1#51755@0.176 s

Bo = 1.70%]|#51755@0.300s B, = 7.57%]|

\

N

-

\
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Arthur Weller, ASDEX-U Team
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Soft-X and the MHD-activity | fuer Plasmaphysik

EURATOM Assoc.

WY-AS #51751

3 | Average Beta

%——.—p
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|NBI Power

[MW]
&

Mirnov-Spectrum and X-Ray Tomogram
NS #5175
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o
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o
o
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o
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N
o

Within a certain pressure-window Alfvén eigenmodes can survive,

for higher plasma pressure they vanish

A. Werner, W7-X Team
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€ _= Production of a neutral beam fuer Plasmaphysik
WENDELSTEIN 7-X EURATOM Assoc.

Unternehmung
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Neutral Beam Injection NBI: Sketch of the arrangement

RF HV  Neutral gas

- H+
E Ho AN :
: ;////’// - » Plasma
: 7 >
,Cold* . Cgoled 1on
plasma rf Neutraliser Deflector p
ion source magnets
* protons .
P +p N =>»Energy-mix in the beam:
Hy", Hy" molecules |\ ;0 43U 1/18 U
H20+ m0|eCUIeS acc ? acc ’ acge? acc
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Unternehmung Fast ion loss detector — energy and .
Wendelstein 7-X itch angle resolution fuer Plasmaphysik

WHDELBTEATR brich ang EURATOM Assoc.

1 2
@/i ? i.’; -—
B

Apertures

Scintillator (ZnS)

Cr-Layer

=4

a CCD eounts [A.U.] 111.75

- IS
Probe magn. field (EFIT) : 2.13012 T

Scintillator light yields ion fluxes

Important for confinement studies

Pulse: 68380, time: 8.025 s

A. Werner, W7-X Team 52



Unternehmung Heavy ion beam probe: the principle mz)r(gfsnrﬁzgﬂigtt
Wendelstein 7-X | & —=" EURATOM Assoc.
injector N
e ~g¢ T+ TI2+
| VA pendlogplates = @ St oo [~/

TR A E

scanning voltage

sample
volume

pl-ilnill"\ hCElI]]./W_,,,»-f"’"'

trajectory

T+

R s WeWAT e

correcting voltage

v
N

end =U accel T e- ¢z

The measurement of E(r,0,0)
becomes accessible

High time resolution
-> E becomes accessible
r

entrance slit

of analyzer detector plates

correcting plates

U, typically 1-2 MeV (W7-X)
loim typically 100 pA
lsecong typically 300 nA

Time resolution typ. MHz

R T it

Fig 1.
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Fusion diagnostic challenges fuer Plasmaphysik

Unternehmung |& &
HERSERTEGR for the future EURATOM Assoc.

Wendelstein 7-X

The way to ITER:

-Huge and long ports

-Very difficult diagnostic access to the plasma
-High neutron/gamma radiation level

-No human access to the operating machine

-Long pulse operation

/s
/
/;
4 ‘ .

-Huge amount of measurement data

S -

-High thermal radiation load
-Long operation lifetimes for components required

-Large, very specialized + expensive components
=> first design must fit

54
A. Werner, W7-X Team
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The ITER cross section

Max-Planck-Institut
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€ _ 7S Problems of the first wall fuer Plasmaphysik
WENDELSTEIN 7-X EURATOM Assoc.

Unternehmung
Wendelstein 7-X

Temperature control of all plasma facing components (graphite, tungsten, steel)
=>» safety interlock becomes mandatory

=>» active cooling is required for all plasma facing components Tomoh
emp

Neutrals: sputtering,
tritium contamination

time

Ppcat UP to several MYV/m? _
Cooling water:

-requirement of water flow +
temperature control

-control of possible tritium

Fusion alphas contamination

sputtering, acti

erosion, swellin - activation of Na after neutron

capture

56
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Diagnostic problems in future
(reactor relevant) experiments

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

High neutron fluxes
in ITER 8x10"" m-2s-1

Optical systems are getting dark
+ radio-luminescence occurs

Mirrors are better suited,

but swelling by neutrons and

CX atoms happens

+ plasma erosion + particle deposition

Cables (impact on magnetics), capacitors:

- RIC — radiation induced conductivity

-RIEMF — RI electromotive forces

- radiation induced change of the dielectric
constant ¢,

Compiled material by T.Donné,Ch.Ingesson, Costley and

many others, talk by H. Weisen CRPP-EPFL

Latt

Coil voltage (uV)

Coil current (pA)

“ @@@@

ice

®
@

@"‘u :
o® e

-
o

&3]

o

0.5

Full Power Day Equivalents
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Literature

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

- John Wesson: Tokamaks, Oxford Science Publications, Clarendon Press

- Richard Dendy: Plasma Physics, Cambridge University Press

- R.D. Hazeltine, J.D. Meiss: Plasma Confinement, Addison-Wesley Pub. Comp.

- I.H. Hutchinson: Principles of Plasma Diagnostics, Cambridge University Press
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-H.J. Hartfuss, R. Konig, A. Werner: Steady-state diagnostics for fusion plasmas,
Plasma Phys. Contr. Fusion 48 (2006) , p. R83

....... thank you very much for your attention

(and sorry for the rather inhomogeneous, incomplete collection of bits and pieces)
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Types of diagnostics fuer Plasmaphysik
EURATOM Assoc.

Unternehmung
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WENDELSTEIN 7-X

Types of diagnostics:
-,Passive” line-of-sight integrated, and ,active” supported by beams

- ,Local” and ,global” diagnostics

Looking at:
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Some of the plasma parameters

we want to observe

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

Energy content | W 4,

Temperatures T, T,

Densities N; Ng, Nz, Npeutrals

Currents Jioroidal  » j(r)

Power fluxes I:)heating » Pradiation + Pwal

Fields E; . Bioroidal ’Bpoloidal ,
Fluctuations, B E R

oscillations Dol

Particle fluxes I}eutrals s Empurities s East ions
Others Vtoroidal J Vpoloidal ’ f(r)’
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Unternehmung
Wendelstein 7-X

Reminder: EM-waves are reflected when N = 0

density / 1019 m-3

NZ~1-20 . o
w P This provides a tool for the measurements of n, (RADAR principle)
6 r W7-AS: AM-reflectometer
#33563 Thomson data for comparison Prerequiste: n, must be monotonically
increasing
5 3 &% I
~ ! (ﬁ <i> Broadband data evaluation provides
4 } | @- information about electron density
fluctuations 1,
\AVa Y,
3 H ~
2 1 -
M Hirsch
L 4 E delalLuna
1F ‘ H J Hartfuss -
+—— edge density profile T Geist
0 ] ] 1
20 15 10 5 0

effective. radius / cm
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Unternehmung Principle of NPA: fuer Plasmaphysik
Wendelstein 7-X il ACORD-24 EURATOM Assoc.

Absolutely calibrated single chord Neutral
Particle Analyzer (NPA)

H/D discrimination
Energy range up to 100 keV
24 channeltron detectors (dual mass)

(L) vacuum shutter; (S,,,) “step like” entrance slit; = 1
(C,) “cleaning” electrostatic condenser, removing charged
particles from the flux; =2

(G) stripping cell chamber; =2

(S4,) stripping chamber slits;

(M) electromagnet; =3

(C) analysing electrostatic condenser; =5

(D, - D,,) two rows of detectors;

(IS) auxiliary ion source for NPA testing; (H°, D% atoms
emitted by the plasma; (H*, D*)secondary ions.

Hall probe =4

Detector =6




Max-Planck-Institut

NPA- the principle fuer Plasmaphysik
EURATOM Assoc.

Unternehmung
Wendelstein 7-X

(1) acceleration/stripping unit
(2) stripping foil
(3) analysing magnet

)

)

(4) Hall probe
(5) analysing electrostatic
6 condenser
’_I_ (6) detector array
2
1 |
LA°
Energy range 0.8-80 keV (H), 0.8-40 keV (D)
Size 169 x 302 x 326 mm
Weight 42.5 kg
Stripping Carbon foil (100 Angstrom)
Acceleratlon of secondary + 5KV
ions
Permanent magnets NdFeB, B, ~1T
Number of energy channels 14 x 2 rows
= Measurements of thermal and suprathermal CX-fluxes
urpose :
(H and D — simultaneously)
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Unternehmung
Wendelstein 7-X

.IO‘I'I -
Example: two discharges with

10" . different energy confinement
e (different T, )
: 10° .
= | .
510" L e
z -
o] -
A 10? E 3

10° I | | | | | | |

O 1000 2000 3000 4000 5000 6000 7000 8000

Neutral particle energy (eV)
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...even the close-up doesn‘t make
things much clearer.....

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.
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Real life: the stellarator W7-AS

WENDELSTEIN 7-X

Unternehmung
Wendelstein 7-X
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W7-X: an artist's view

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

Sketch of the toroidal facility W7-X: only the plasma and some nonplanar coils
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Imaging techniques for the fuer Plasmaphysik

magnetic field

EURATOM Assoc.

W7-AS:

Field-line tracing with an electron beam using
fluorescence in hydrogen gas (false colour).

#14

W7-AS:

flux surface measurements
before operation (dark) and
after 56000 discharges (green)

M. Otte, R. Jaenicke, Stell. News{2006)
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The concept of nested magnetic | fyer Plasmaphysik

Unternehmung &
R flux surfaces EURATOM Assoc.

Wendelstein 7-X

Simplifying assumption:

Plasma parameters are (more or less) constant
on magnetic flux surfaces (label y )

Distribution function f(F.V,t) = f(¥.V,t)
with the (toroidal magnetic flux) function ¥

Plasma parameters 9(r) = g(Y) =g(p); p=r/a

Due to the fast transport parallel to the magnetic
lines, this holds mainly for the quantities:

?(p), T.(p), Ti(p)

Poincare - plot
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Two-colour pyrometry for wall survey....

WENDELSTEIN 7-X

Max-Planck-Institut

fuer Plasmaphysik

EURATOM Assoc.

...... can reveal, by passive observation, the surface temperature of wall components

10 Plancksches Strahlungsspektrum

10

I(T) = S(Ge) / S(Si)

8
10
10000 K

v/

"'-\____-_

Spektrale spezifische Ausstrahlung, W/(m? pm)
=

100 K

100

0.01

Wellenlange, pm

TTT|
100

Spektrale Strahldichte, W/(m? um sr)

With Planck's law:

dP  27hc? he B
—=———|expy———= 1
i A KT

and Stefan-Boltzmann:

P =0T A

otal

Plot from Wikipedia
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Control electronics and )
: < data acquisition fuer Plasmaphysik
P —— EURATOM Assoc.

Unternehmung
Wendelstein 7-X

daq1 —>|ana|ys1

dag2}—>fanalys2 gnalysA

ctrl4

ctrl5

dag3|—>fanalys3 analysis
< ctrl4 dag4f—>{analys4|
ctrl5 dag5 |ana|y35| .
IN / M
~ - o ‘1’
- feedbackl( - IOt LA
. assessment
O .-..." pattern (_____....---
model3
—3 model1
model4 prediction
—3 model2
model5

2 GB/s 5 TB/discharge

Database Transfer

L _Placma.Oneration.a 00 A )

20 min. time

A. Werner, Summer school 2009
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\l/JVnte;n?rlrr?un7gX > Bayesian inference in a nutshell: fuer Plasmaphysik
endelstein 7- L
SENDES TR A promising way to the future EURATOM Assoc.
6':),.""['"'I""I""I". 1.0
@ B0F 1 Jos
E - 1 fos
9 30F 3
x - 1404
2 10f 1103
- ' ] | | ] 0.0

01 02 03 04
Te (keV)
Posterior of

Thomson scattering
new: full error propagation

Nt < Tol
‘... measures P

measurement inference

knowledge data updated knowledge

73
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Line integrated measurements on .
B 1V in th UV fuer Plasmaphysik
n the hear- EURATOM Assoc.

Examples of time traces for passively
measured T, E,
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An example of a BES spectrum

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

signal [counts]

9000

ASDEX Upgrade: #26322

8000
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5000
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R. Reimer 2011
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The impact of the magnetic field | fyer Plasmaphysik

Unternehmung &
kit (iota) on the plasma in W7-AS | EURATOM Assoc.

Wendelstein 7-X

W /kJ

6\ 3 L L

1 Experiment : 1 © i

] R ] N Pecry= 450 kKW |

7 g ;f,g\g n=4x10"9m=3 ]

i ,\‘;:

é sesr o o4 . |

0. . B85k & & &

0.2 0.3 0.4 . 0.5 0.6 0.7 0.2
a

The plasma confinement in a low-shear stellarator depends strongly on the edge
Rotational transfrom iota (via the anomalous, turbulence driven) transport
=> At rational iota-values it drops

=» In close vicinity to low-order rationals it increases 7. :Wdr/
heat
=27 R Bogs~ RBo
q Bg r B,
R. Brakel, Nucl. Fusion (2002) ©
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A convenient way of data representation:

the discharge plot

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.
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Cryo pumps outer vessel

plasma vessel

coil support
structure

baffles
target plates
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chevron 80K

C tiles
wall protection

water
cooling N
circuits

ke
N\

\

cryostat
inner wall

—_—

o target [

control coil e ~
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Spectral momentum analysis arrangement for high time resolution (fluctuations)

e
- - S
W7-X F :

Quarzfibers

(/

4

e

1 -

Fabry-Perot +
Interference filters

Achromate lens

PMT
PMT
PMT
PMT
PMT
PMT
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A plasma discharge ,fingerprint® | fuer Plasmaphysik

WENDELSTEIN 7-X

EURATOM Assoc.

Pn

b = TMW HDH

Results Stellarator W7-AS

Wi ‘\\
50

irl
Gas Puft [ 10
Fa%

e “— i

0.5 Pa bs [MW]

Impurity Line
Intensities [a.u.]

L'I LA

0 .
S | ||I
3 le l lllﬂh’ “" lﬁl*'l]"”
LM i = — i l
0.5 '.' _ ' Mirnuvahlllnplltude 5
'j"‘l.___.llh__. - il “ i| hhll, I|||]. F
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time [s]

——e - -
S N
es [102'“ m‘3] .

Stored Energy is lower in NC

—Separatrix density neg is lower in NC
- for the same line-averaged density

Prad increases in NC

Impurity line intensity increases in NC

HDH shows no evident ELM activity

HDH shows reduced MHD activity

McCormick et al. 2004
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o Technical drawing of the diagnostic beam injector fuer Plasmaphysik
Wendelstein 7-X EURATOM Assoc.
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Wendelstein 7-X

#53153 passiv spectrum on BIV
4010 ! ) g ) !

The B IV passive triplet at 2825 i _—
Angstroem, seen at 5 different L]
spatial locations : -

A e
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The W7-X Thomson scattering
geometry

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

| 7=\

N

E. Pasch, W7-X Team
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Radial profile data; T, T;, n,, E,

Max-Planck-Institut

fuer Plasmaphysik

EURATOM Assoc.

=>» Important plasma parameters can be simply plotted versus an (effective) minor radius
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_ _ Max-Planck-Institut
A technical problem: the drift fuer Plasmaphysik

of the integrator EURATOM Assoc.

Coil

t1

Bmeas OCVout :_RICJ Uind (t’)dt,
to

| VO

Integrator

Hutchinson: Principles of plasma diagn&ﬁics
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Wendelstein 7-X

CXRS active lines of interest in order of wavelength

Wavelength nm transition Ton species
2524 T=26 N VIL
2975 i B O VIII
208.1 6=>35 BV
3888 827 N VII
436.6 14 =» 13 Ar XVI
468.6 423 He II
494 5 7=>0 BV
3224 16 =¥ 15 Ar XVIII
5249 1110 Ne X
366.9 0= 8 N VII
606.9 10> 9 O VIII
6363 i=2 H o
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Wendelstein 7-X The RuDI-X geometry

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

Tauchflansch

Plasma vessel contour

NPA

Plasma contour
standard configuration

257

CXRS

< @124 \ /\'/Nl 4

L Beam
=y
| Divertor

600XI50

Interface

W7-X poloidal cut
at ports
M,N,T,Z41
Cryostat skin
.
RuDiX
Support



Max-Planck-Institut

Unternehmung fuer Plasmaphysik
Wendelstein 7-X | § >
WENDELSTEIN 7-X EURATOM Assoc.
Project Prnj»_ect Wendelgtein W_?-X ﬁﬁﬂﬁiﬂﬂ
Wendelstem 7-X Die CXRS Diagnostik EURATOM Assoc.

Arrangement of the W7-AS Fabry-Perot spectrometer
{see M. Yoshinuma NIFS, Japan: M. Yoshinuma, J. Baldzuhn, K. Ida, Eev. Sci Instr. Vol. 75, (2004), p. 4138)

0 for Calibration of Ay
1 } Edge

3 Plasma

g Center
Light Source

Fiber Aperture

f -

Etalon

{Fabry-Perot Interferometer)
Interference Filter
(CWL=529.1nm, BW=1.5nm for CVI)
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Wnere]crjr:strer:zngx ; g An example of an actively measured fuer Plasmaphysik
WENDELSTEIN 7-X Er - prOflle from CXRS EURATOM Assoc.
#34308 - Optimised Confinement discharge
2 10
0 — S ——
. - ]
-2 10* + \;
E ARE: -
b \
e -4 10* N
L
-6 10* %
m  Er[vim] *
4
-810 — -DKESEr
i i
0 0,02 004 006 0,08 0,1 0,12

r eff [m]

0,14

0,16
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EURATOM Assoc.

WENDELSTEIN 7-X

ZSem

W7-X Stellarator Optimisation concept: drift optimisation + reduced parallel currents

2H4183

Wh

¢ §
1,143

%L%\.%ﬁi = ol £l ?=i-'_.j-i—j_;'-—"l-"-*:_

grad(B) high = high grad(B) dnift. BUT:
current paths: B-field high: trapped particle population reduced
nod o Phi = 38 reduced PS currents ! — net reduced drift losses. AND:

diamagnetic + PS

104

= ] High "tokamak" elongation = reduced mean ripple

grad(B) low = low grad(B) drift.  AND:
B-field low: trapped particle population enhanced
= drift losses play only a minor role.
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WENDELSTEIN 7-X

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.

Distribution of b:BIBUU on the Last Closed Magnetic Surface

— 1178

— ] 162

w1140

130
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=== 1051
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=014

w1 003
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034

m—.023

— ().907
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WENDELSTEIN 7-X

Max-Planck-Institut
fuer Plasmaphysik
EURATOM Assoc.
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> _. The plasma emission spectrum | fuer Plasmaphysik
WENDELSTEIN 7-X EURATOM Assoc.

‘ Vacuum Ultra (Soft, Hard)
Radio Frequency Micro Wave ‘ ’ Infra-Red } m

Violet
EM emission

Unternehmung
Wendelstein 7-X

&> 2
S & <8 & &
& & \<r.~°} :,‘-&:‘? R <~°‘} ‘9“5\ &
& Ko O & & & &
W S 0 6-49.‘: S S ¢6° e o) &
o"\%@ & ;3?6“'{\\ (’s‘q n"%oo"go o""? 2 & ‘9"‘5& "-‘Q& R
5 5 e AI® SR ¥ - S e
A& o 0@{\ e'.é' O > \3‘% Q"‘ @ \Q S /q? Q¢
& & S0 FEEE F ¥ P& S
&) o 00 Q o > 0
X S @‘5 S & B § ¢ F &S
| re—— t—
107 10® 107 10* 10° 10° 107 10° 10° 10
A (m)
[— | e X " 8 I 1) ——: = r= I I T 1
10° 100 10° 10* 100 10* 10° 10° 10" 10" 1 10 10° 100 10* 10° 10° 107
f (Hz) E (eV)

Particle emission

Fusion
Products

(o, n)

Thermal
Particles

H.J. Hartfuss, W7-X summer school



