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Outline:

« Thermonuclear fusion

* Magnetic confinement:
tokamak and/or/vs stellarator

« Wendelstein 7-X

« Soft X-ray radiation of high-temperature
plasma

¢ C-/O- monitor for ASDEX-U

¢ C-/O- monitor for W7-X
» Detector for C-/O- monitor



Energy demand
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Electricity Consumption per capita (kWh)

1 Iceland 26,783.5
4 Canada 16,264.9
6 Kuwait 13,971.1
9 United States 12,559.9
11 Australia 10,669.5
13 Taiwan (~23 mln) 9,641.9
26 France 7,048.4
27 Russia 7,002.1
32 Germany 6,622.6 <>
42 Hong Kong 5,741.9 [ o data \E}Fif" 7 L e N
44 United Kingdom 5,721.7 smemra B - T EE— : =
47 ltaly 5.281.6 B Electricity consume;i]c:(r: Eglf-;f;ita: 3,127.3 kWh i,ﬁ_¥__
68 Poland 3,127.3
86 China (~1300 min) 2,149.6
93 Brazil 1,920.2
156 India 425.6
198  Haiti 36.1
199  Ethiopia 33.0
206  Afghanistan 24.5
207  Central African Republic 22.9
208 Rwanda 19.5

212  Gaza Strip 0.2



Source of energy — high temperature plasma

generator

Show all systems % Electricity
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Fusion reactions:

D+D — T(7,0] MeV )+p(3,02 MeV ) (~50%)
D+D — He*(0,82 MeV )+n(2,45 MeV)  (~50%)
D+D — He*(20 MeV) (~0,0001%)

D+T — He*(3,5 MeV )+n(14,1 MeV)

D+He® - He*(3,6 MeV )+pl(14,7 MeV)
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Magnetic confinement fusion

tokamak vs. stellarator
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Tokamak e

Primary Transformer Circuit
(inner poloidal field coils)

Plasma Positioning
and Shaping Coils

Resultant Helical
Magnetic Field
(exaggerated)

n=10"m>, 7=0.1=100s

Secondary transformer circuit
(plasma with plasma current, 1)



Plasma heating

http.//iter.rma.ac.be/en/physics/plasmaheating/index.php

Radio Frequency Heating
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JET

(Joint European
Torus)

Major radius: 2,96 m

Plasma dimensions:
2,10m x 1,25 m

Plasma volume
(approx.) 100 m3

Plasma current 5 MA
Magnetic field: 4 T

www.efda.ora



JET best result
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Fusion power {MW)

TOKAMAK JET: www.efda.org
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TOKAMAK problems

Only pulsed mode
Instabilities:

» ‘ELMs’ (Edge Localized Modes)
o ‘disruptions’

Problems to solve:
* transport theory
 material research
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Tokamak or stellarator?

L. Artsimovich in Moskau about 1950 L.Spitzer in Princeton about 1950
stella= "star"

current flows in the plasma current in external (helical) coils



STELLARATOR, basic principle "

pairs of helical windings toroidal field-coils

=== -;wll b

2|

magnetic surface

From Hans-Jirgen HartfuB



W7-X REALIZATION, modular coils

classical Stellarator

helical windings

360°

0° -
0° x [0

toroidal field coil

N

A

360°

0° ® 360°

modular coils instead helical windings
avoidance of toroidal current: 3-d
geometry
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Main purposes of Wendelstein 7-X:

 producing plasmas allowing predictions
on a stellarator power plant plasma

 continuous operation (up to 30 min.)

 constructing a modular superconducting
coll system



W7-X, mechanical parameters

major radius 5.6 m
minor radius 0.53 m
plasma volume 30 m?
induction on axis 3T(25T
non-planar coils 50

planar coils 20
machine height: 45m
machine diameter: 16 m

machine mass: 725 t




W7-X, heating, parameter range

T < 10keV T.< 6 keV < 3x1020 m-3
(efectron temperature) (|on temperature) (elgc‘rr'on density)
1eV=11604 K
« ECRH: 10 MW, 140 GHz, 1800 s

(Electron Cyclotron Resonance Heating)

* NBI: 10 MW 10 s
(Neutral Beam Injection)

« |ICRH: 2x2 MW, 30-115 MHz, 10 s
(lon Cyclotron Resonance Heating)
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TEST ASSEMBLY, non-planar coil onto vacuum vessef’
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C-/O- Monitor



of

Measurements of most prominent lines
(e.g. Lyman-a of hydrogen-like ions) of

plasma impurities

ne erosion of the wa

of

ne quality of the wal

provide information about

Is (C VI at 3.4 nm);
condition (O VIII at 1.9 nm);

eleakage in the vacuum systems (N VII at 2.5 nm);

epossible interaction of the plasma with materials
containing boron (line BV at 4.9 nm);

eaccumulation of impurities in plasma.
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Monitor for the carbon and oxygen
impurities in the ASDEX Upgrade tokamak

R. Neu, K. Asmussen, G. Fussmann, P. Geltenbort, G.
Janeschitz, K. Schoenmann, G. Schramm, U. Schumacher, and

the ASDEX Upgrade team,

Rev. Sci. Instrum. 67 (5), May 1996
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C-/O- Monitor for ASDEX-U

275cm

C-Detector  *——
N\ Motor Ejm Motor + Encoder
for C VI, A=33.74 A: - ’_JIH
Crystal: of o 3
PbSt I'L*-Pcr:.rst‘;lf Q. Detectar ‘\M"" KAP crystal
2d=100.4 A; | " Pty
Filters: B '\

1 um polyamid,
20 A Al

== Turbo Purp ==
Grids - ---
+— Collimator —m=

104,7 cm

for O VIII, A= 18.97 A:

Crystal:
KAP
2d=26.58 A;
Filters: v
2 um mylar,
100 A Al.
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Proportional counter

————
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line intensity = area under profile curve

line core signal

1000

|l cviat3.4nm

JET pulse: 72 499

1| —— 49.04
1| ——77.24

Intensity (a.u.)

500 -

_— (intensity)

3.0

|
3.5

Bragg spectrometer
(flat crystal)

nA=2d-sin(6)

4.U

wavelength (nm)
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Main disadvantage of this construction:
T =
As it is flat crystal Bragg- S P -
spectrometer background level )
Is estimated by the count rate
arising from the high energy
gammas and other background
radiation.

(Each proportional counter consists
of two independent active areas of
identical 30x20 mm= size. One of
them is attached directly to the
spectrometer using thin windows,
whereas the second one has no
window.)
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Sample of results of by C-/O- Monitor for
ASDEX-U

I#‘ b I Intensity
n§ VA | ] ' . 'II‘I - 1000 meg'
Rt L T O ST AT
. t jwﬁ iﬂ.ﬁlu’" lfd‘ﬂ i ' L o
| ] I l l 0
1 1.5 2 2.5 3 3.5 4
time (s)

FIG. 7. Temporal behavior of the C vi and O vir line intensities (multiplied
by the factor 44r). together with the deduced concentrations and control
parameters (O: solid lines; C: dashed lines) from the ASDEX Upgrade stan-
dard discharge No. 4611 (1n,=3 X 10"/m’, 1,=600 kA).
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Sample of results of by C-/O- Monitor for 2
ASDEX-U

#6279 ASDEX Upgrade
Hey
£
=
3-1. _______________________________________________________________________
z
L
=
CVI L,
2.3 2.35 24 245 2.5
time (s)

FIG. 9. C vi Lyman-« intensity as a function of time (lower curve) showing
ELM activity as the He radiation measured in the divertor (upper curve).



C-/O- Monitor for Wendelstein 7-X
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C- O- Monitor for Wendelstein 7-X

» will be a dedicated soft X-ray spectrometer;
« working with time resolution of at least 0.5 ms;

* it consists of four independent channels,
fixed at wavelengths corresponding to Lyman-o
lines of hydrogen-like ions of:
- boron (at 4.9 nm; 253 eV),
- carbon (at 3.4 nm; 365 eV),
- nitrogen (at 2.5 nm; 496 eV),
- oxygen (at 1.9 nm; 653 eV).



C- O- Monitor for W7-X

it consists of four independent channels, but

divided in two pairs, closed in common
vacuum chambers:

1) carbon and oxygen,
2) boron and nitrogen.
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Johan geometry

position sensitive detector

Rowland circle : ‘J \‘
radius = R LR I=

Crystal (grating, MLM)
radius = 2R

Crystal/MLM cylindrically bend



C VI spectrum

Intensity

] ——44.35 Paddle #2
2000 1 44.33 m —— Pulse: 61097
44 .33 —— Pulse: 72499
_ Pulse: 73576
1500 - ﬂ\A
1000 4
500 -
] f‘ 1 M/J k\\
O —- »%’\A‘A""W\i\t“""ﬁ'"v'v"v"'-'«,w'i
T T T T T T T T T T I
20 25 30 315 40

Wavelength

37



N VIl spectrum
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O VIII spectrum

1500
Paddle #3
\ +— Pulse: 61097
_ +—— Pulse: 72499
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3200 mm

2000 mm




3200 mm

1800 mi

gas bottle rack

3200 mm
Vacuum pumps.
Maintanance s
cod 2600 mm

0 mm
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Microwave (140 GHz)

¥ ] - stray raiation (ECRH)
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neutron flux:

~1

= 1.410° scm?2




Proportional counter for
C-/O- Monitor
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Proportional counter

————
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Al Ka signal (1 487 eV)

][Eﬂﬂns 2.50G5/s 1 ][11 May zum}

+v0.000005 10K points —2.72V |10:10:11




Cu L signal (930 eV)

400Ns 2.50G5/5 A
—+v828.400ns 100K points —-2.44 VJ[H May zum}

value Meah Min nMax Std Dev 13:01:35
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Proportional counter:

for ASDEX-U for WENDELSTEIN 7-X
(what we have) (what we want)

Readout of 2 channels  Readout of 40 channels

Measurement of line Measurement of line

core and indirect core as well as
estimation of continuum continuum signal

High temporal resolution

line intensity with time
resolution <0.5 ms



Thank you
for your attention
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Proportional counter 52
modification R

Readout of 40 separate channels

Measurement of line core as well as continuum
signal

Determination of line intensity with
time resolution <0.5 ms
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Output signal (V)
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ELMs (Edge Localized Modes)

#92596 | |

[Lw/m] 0L-Aususp xnjj jesy

il
140 150 160 170 180 190 200 210
poloidal angle [deg]

- (A (8] SN N
[suin] |epiojod] syibua| uoiosauuod

|
-

(@)

95



ELMs — Edge Localized Modes
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ic Ergodic Divertor

DED — Dynam

onventional™ divertor

"

dynamic ergodic divertor

Plusma eore

m
§

lyminar

dynamic
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1 NBI
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Figure 1. Line average density traces from an L-mode discharge (dubbed Type ‘a’ for historical
reasons) and an early H-mode discharge (Type ‘b’). The window of NBI heating is indicated. The

configuration was SN* (ion-grad-B drift towards the X-point).

F Wagner, A quarter-century of H-mode studies, Plasma Phys. Control. Fusion 49 (2007) B1-B33
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H-mode = AOM mode

Turbulent vortices are broken
and transport reduced

H-mode Advanced Operating Mode



Plasma Pressure

Advanced Operating Modes

\

Internal Transport Barrier
(ITB)

(ELMs)

Edge Transport
Barrier (ETB)
(H-mode)

Normalised radius r/a

JGO7.192-1¢
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CONCEPT I, tokamak

large plasma current (MA) generates pcC

component
Artsimovich, Sacharov (Moscow, 1956)

plasma current
iInductively driven:
plasma transformer winding
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CONCEPT I, stellarator

L. Spitzer jr (Princeton,

._s_.,._
4’ U TR
Ny

helical external coils create poloidal field

____%...m._w
(_A“_nn-uwr R

‘Hl‘!\"!r

only external currents
no plasma current

intrinsically steady state




W7-X, components assembly

plasma vessel .

R=56m, 299 ports
a=053m i 2 8

B<3T, Y

1=5/6 -

5/4

outer vesse

A .
e’ 10 divertor
a - units support

structure

4

vl

50 non-planar coils e *—plasma

g " ¥
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spectrometrer parameters

Line

Line wawvelength (nm)
Wawelength range

Crystal

2d (nm)

Incidence angle (deg)
Rowland circle radius (mm)
Cylindrical curvature

Arm length

64

BV C VI N VII O VIII
4.859 3.373 2.478 1.897

" 4.70-5.20 | 3.10-3.50 & 2.25-2.65 | 1.85-2.00
MLM MLM MLM TIAP
10.24 8.12 5.05 2.59
28.33 24.54 29.36 47.09
750 890 450 313
1 500 1780 900 626
712 739 441 459
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Tokamak JET

TOKA . wWwww.ellud.uru




Czym jest/bedzie ITER?

International
T hermonuclear
Experimental

Reactor

ITER

po tacinie oznacza ,droga”

Celem eksperymentu ITER jest badanie plazmy w warunkach
zblizonych do tych jakie bedg wystepowac w reaktorze
elektrowni termojadrowe).
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ITER

JET
coMmpass-D @ .
ASDEX-U

JGO04 .90-7 ¢

o
N

Major radius {m)

4 6 8
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Measured Confinement Time

10T ¢ AuG JET 7 CMOD e
= F
[ ®m ASDEX ¢ JET2M  m JTe0ou '
© AD3D # START ¢ TCV
| #PDX * PBXM ¥ TDEV4,”
- [V COMPASS |
0.1F ITER
0.01¢ /5 2
E 7 e xR
i #/ World Wide Data Base
2 /# (13 Devices)
.
0_0017/ Lol Il il il Lt vl L1 1 1 1iill
0.001 0.01 0.1 1 10

Predicted Confinement Time
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ITER

gy

Fusion power
Efficiency (Q)
Height

Major radius
Plasma volume
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500 MW
>10

26 m

29 m
837 m3
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Tentative Roadmap of Achievements starting from the decision to construct the Next Step 20011.2001

Main Achievements Required

Design

of results

»  Production and eontrel of long pulse-buming
plazma

* Heat and particles exhaust {plasma facing
COFTI OGS |

*  Test of breeding blanket modules for DEMO

* el electricily production (Full hot breeding Blanket)

*  High reliability of operations

»  Qualification of lower activation materdals for
FROTO

= |mproved economy in alaclhcly prodwction

= Imiproved low actvation materials

»  DomonElralion of @ releronce 10w sclvabon sieal
fior C'E N

=  Sparch for highar performance matenisls for
PROTO

Demonstration of wasie managemaent and
recycling
+  Damonetration of sately mansgemant

«  Demonstraficn of lbw ermaronmental impact
patential

:

3
9 P
235
= ® T
$33

DEMO

PROTO (1.5

uonanpeoad Ajia|300)2 ajeag abie

http.//www.iter.org/

10

20

30

40 50

Years after decision on Mext Step

Bxiracted Irsm:
‘P Year Assessment Heport meloted 1o the specilfic prograrss:
Pt lzar enecgy covening de pericd 1905 19" June 2000
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Wendelstein 7-X

Under construction in
Greifswald, Germany

Lnusine

W7-X torus

Ratevyvary ok
2 Prague
C2ggh Republic

Temelln

A Frarce

diagnostics, control room
assembly, ICRH &

NBI, cryogenics




TEST ASSEMBLY, 3 coils mounted

"
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Port AEK30
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Port AEK30




Port AEK30 :
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‘ To read ‘ ‘ To set ‘ ’ Set & read‘ itﬁ;ttygnal
Detector arm (one of 4)
Safety feedback signal (2 kHz)
Data signal (2 kHz) T T T ]
Status signal (1 H pulse shaping| [ electronic Time
atus signal (1 Hz) | Preamp. |->a oplifing|” | DISCHAInator g 5 i er > signal
Gauge

Atyps HV Supply > -
- =
Q MSPC valve ‘in’

processing
Store|raw (line intens.)
Flowmeter | data processing
: (estim. dens.)<_
Store proc

data Plasma parameters
(temp., density, etc.)

‘ Gauge Counter gas
Ctype | valve ‘out’
o\ ,1
|_c<|> P Det. chamb.
“ " vacuum valve

D Temperature LEH'
-« measurement = "
G
— < v
Crystal chamber. > e
(One Of 2) \ Close all Display proc.data
gate valves online
gas system,
Gauge Gauge Gauge T
Awe || Bue || Cope — common for all channels
_ adjusting system, = [ootevae
pum plng System, (in operation only during adjustment, - =
(two independent systems: 1st common for all one system - can be attached to any of 4 channels «
4 detector chambers, 2nd common for both e < pressure
crystal chambers ) Q gas output
adjustment g pressure
i i Q
pumplrl]%itc ontrol %‘—v detector X position detector Y position o
adjustment adjustment Vave)




test signal 81
input
pulse shaping, | vy arimmi electronic Time
Preamp. > mplifing’ Disc ator o nior Qe signal
Gauge
A
_|Counter gas | )\
valvesin processing
Storejraw (line intens.)
Gauge Counter ] i
L gas ¢ Flowmeter processing
C type valve ‘out’ owmete (estim. dens.)<_
Store proc
T Plasma parameters
. Det. chamb. data paral
_vacuum valve (temp., density, etc.)

-HAperture/slit——»
v
Display proc.data
;,g; valve f——> Close all Py F|3
gate valves oniine

=

gas system,

common for all chan

pumping system,
independent systems: 1st common for all
etector chambers, 2nd common for both

~msmkal

P PN A . !

adjusting system, .
(in operation only during adjustment, o :
one system - can be attached to any of 4 channels) o fill
=2 pressure |
crvstal anale | ™ M me bt |



detector 1
chamber
detector 2
chamber
detector 3
chamber
detector 4
chamber

1

chamber

crystal

Plasma vessel
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remotely operatet:

Ny{ variable leak valve
Pt gate valve

N closing valve

manual operated
variable leak valve

vacuum measurement

by 2 gauges

- combined Pirani/Penning type
- capacitor type

vacuum measurement by
Haas neutral gas manometer
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