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Sun: a Cosmic Power Plant 9 JULICH

Forschungszentrum

Energy production in the sun by nuclear fusion
of lightest elements: proton-proton (pp) cycle

fuel

netto energy
26.2 MeV

protons (11H)

Mass defect in this reaction: 4.8x102° kg =>
1 kg of H produces 6.4x10'%J of energy

e (BN
-z‘He__'+2|'_'!_e_'_>2He +21H

plasma
pressure: 1 x 10'® Pa = 1 x 10! bar (core)

temperature: 1.3 keV (core)
density: 1 x 1032 m3(core) Inertial confinement (gravity)
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Outline IJ JULICH
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" |ntroduction
= Tokamak functionality
= Examples from spectroscopy in MICF
= JET tokamak
= W as plasma-facing material
= |TER
= Set-up the larget machine in the world
= |TER optical diagnostics
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Nuclear Fusion Reactions and Reaction Partners lJ JULICH
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= Nuclear fusion based on pp cycle not suitable on earth “to produce energy” Maxwell-averaged reaction activity vs
= Thermonuclear fusion with largest reaction rate: dt fusion reaction ion temperatures for fusion reactions
= |nertial (ICF) and magnetically confined fusion (MCF) plasma studies o | |
are aiming in the exploitation of the DT reaction (on earth) Atzeni 2004 Jiig
10-13

neutral particles plasma charged particles

° e electrons (-) 016
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10-20 -
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Helium (%He) @ a-particles (2+) T (keV)

p-p reaction at 104° cm3s?t |

Spectroscopy of fuel H,, D,, T,, HD, HT, DT molecules and H, D, T atoms

and of fusion ash, He atoms and ions, required!
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Example of Emission Spectra in Fusion Plasmas lJ JULICH
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D, and T, emission spectra (plasma edge H, D, T emission spectra (exhaust
2 2
Pulse No: 61380 Fulcher-a band 2000 Balmer—a line
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Nuclear Fusion Reactions: DT ‘JJULICH
Forschungszentrum
Measure for the fusion power in a 50:50 DT reaction is the so-called triple product:
ion density (n,) x ion temperature (T;) x confinement time (t)
Ignition in magnetically confined fusion plasmas achievable if:
n, [102°m=3] x T, [10keV] x tg[5s] = 5x10%! keV s m3 (Lawson criterion)
d+t 2 a+n+17.6 MeV lkeV  10keV ~ 100keV

14 [ — | E
L D , o7 | \:
o Q 14.1 MeVv 014 |

Relative Fusionsleistungsdichte

>
TQ G 3.5 MeV
He

D-D
0,001 3
Requires D and T above 10keV, but the fuel starts as D, or o /

D-He

T, gas or as DT ice pellet entering cold plasma in eV range. 10 100 |

Plasmatemperatur in Millionen Grad

= Spectroscopy from eV to keV range in one device

= Emission in the IR-VIS towards VUV-X-ray range

09.05.2019

1000




Nuclear Fusion Reactions

Plasma densities

in the range of
1027 m-3-1o32m-3

LASER-fusion (ICF)

inertia

4

plasma pressure Vp = pj+ j x B

magnetic

Plasma densities
in the range of
1017-1021 m-3

Magnetic confinement (MCF)

- DT Fuel and Restrictions

/.

JULICH

Forschungszentrum

-2.47 MeV
+4.78 MeV

Li+n ->T+ o + n’
5Li+n-> T+ o

D natural isotope in sea water: 0.015%
T must be breeded in a fusion reactor:

T is radioactive with a half-life of 12 years

= radioactive fuel
= first wall material activation
" neutron impact

Challenging environment (access)

Reduced number of spectroscopic techniques applicable



Particles in Magnetised Plasmas

Lorentz force acts on charged particles in a magnetic field:

lons and electrons gyrate around magnetic field lines:

Many gyrations before a collisions occurs in magnetized plasmas:

- A High mobility along
- < magnetic field lines

IJ JULICH

Forschungszentrum

F.=0q- [\7>< B Lorentz force
V| mv .
[d A =—2L  Larmor radius
@ | 9B
@
——Lt >>1 Hall parameter
Ucollision

Y magnetic field lines

Low plasma-wall interactions (PWI) if high magnetization
present, full ionisation, and no-cross field transport (ideal case).

Spectroscopy at high magnetic fields with B>1T (line splitting)

\ Low mobility perpendicular £

Y
>

‘/ [ /g 4y 'wagnetield

=> torus to minimise losses
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Splitting and Observation of Spectral Lines 9 JULICH
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= Line splitting due to magnetic field strength (measure the local field): Zeeman and Paschen-Back effect

Orientation of the observation with respect to the magnetic field important: ¢ and m components

n
Byt 1790 T 12 408 e (21.50-5.80 & FHHou 0. 1685%
a‘-_;'ml. n-lu: I— - I— 1;.‘—1].!2:1 T |'[ ri |'-I IJq I E | 1y/ly= |nl-u L 0.8
. at: I’l H ; JI| .||| U et edumed x o0 Obs. L B
[l “ || I ' 50%: T=2.9eV
3 l| H |l I] 0.6 50%: T=20eV
?n; “IH |||IIIJ|| %O'S B=2T
Ik o ||V e 5o
B3 H:Dratio IRIREEEREE S 2 05 95% D + 5% H
£ 2 | | g
: | ’ | =02
| \'I.,:'P: \ .
i Ifl- i \: 0.1
P//‘ i b 0.0
o T &I\H____r__l__ 6558 6559 6560 6561 6562 6563 6564 6565 6566
8568 [ 8580 L) 8 564 (= Wavelength in Angstroms Koubiti Atom 2019
Hey CPP 2000
= Variables: energy of H atoms (origin of atoms), composition, and resolution of spectrometer
= Simulation tools available: x-paschen of ADAS suite etc.

09.05.2019 9




Is a simple toroidal arrangement enough for MCF? 9 JULICH
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_ FxB

Particle drifts due to forces in (inhomogeneous) B-field: Vp = 3

gB

In torus geometry two inherent drifts appear: - m R
Vo=—=| Vi +=V| [BxVB

VB drift and curvature drift [so-called “torus drift”] D qB3 I 2

_ByRy ~ E X é
R VD o BZ

= Pure toroidal magnetic field induces charge separation due to “torus drift”
= Charge separation induces vertical electrical field E
ExE | = Electrical field E and magnetic field B induces E x B drift and movement
of all particles outward to the wall
= Second magnetic field component required (poloidal direction) =>
induces screw-like trajectory (helical field lines) and stability

Spectroscopy at varying magnetic field strength:

High field side and low field side can be separated
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Source Localisation by Spectrosopcy

IJ JULICH
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“Cold” atoms near wall surfaces: localization possible via spectroscopy By

Depends on magnetic field, plasma condition, energy composition,

optical arrangement, geometry ...

Pulse No: 85844: Time = 10.05s, |, = 2.0e+0.6A, B; = 2.8e+00T

Neo = 5.8e+19 m=3, Tep = 2.6e+036V, Py (NBI) = 7.5 406W, Py, (ICRH) = 2.0e+06W, RIG = 1.2601m, ROG = 4.8e-02m

%10° : rT::tack 1 «10* : rT:irtack 12
2.0~ DSL/Total = 0.25 - Inner SOLL 2.0 DSL/Total = 0.26 -~ Inner SOLL
--- Quter SOLL -- Outer SOLL
Outer /Total = 0.40 . DSL Outer /Total = 0.24 . DsL
H/(H+D) = 0.038 H/(H+D) = 0.057
< 150 15
% Inner SOL Temp: Inner SOL Temp:
- 1.08V (20%) Outer SOL Temp: 1.5eV (21%) Outer SOL Temp:
& 6.4eV (6%) 0.1eV (3%) 9.0eV (18%) 0.1eV (4%)
£ 10 Non-Maxw: 6% 1,56V (30%) 107 Non-Maxw: 1% [ 1.5eV (16%)
3 276.6eV (9%) Non-Maxw: 6% 97.8eV(11%)  [r ‘2 Non-Maxw: 6%
= 24.9eV (7%) Non-Maxw: 7% [t 1\ 74.7eV (4%)
' Non-Maxw: 7% LN Non-Maxw: 4%
05~ , 0.5- h A
0 =l I et Yo 0 -7 SRS T 3 DIVERTOR
655.7 655.9 656.1 656.3 656.5 655.7 655.9 656.1 656.3 656. Straviiah
Wavelength (nm) Wavelength (nm) ( tray g t)

Metallic surface cause reflection — simulations required

Kukushkin IAEA2016
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Magnetically Confined Fusion: Main Lines @) JuLICH

Forschungszentrum

Two ways to provide poloidal field component and helical field line structure

plasma current induces poloidal field pure magnetic coil arrangement (solution)

inner poloidal

outer poloidal T
% . coils (trafo 1st)

magnetic coils

(shape)
toroidal
0
’}:4’/ Y~ magnetic
' coils
plasma helical
(trafo 2nd) - - mag. flux magnetic
tOkamak surface and p|asma ste"arator coils
in general: pulsed operation of device in general: steady-state operation of device

09.05.2019 12




Magnetically Confined Fusion: Tokamak Principle @) JuLICH
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Poloidal field component induced by plasma current resulting in helical, twisted magnetic field structure

Magnetic Circuit
(iron transformer core)

Induced poloidal magnetic field
is about 1/10 of toroidal field

Primary Transformer Circuit
(inner poloidal field coils)

Toroidal Field
Coils

Plasma Positioning
and Shaping Coils
outer poloidal field coils)

Resultant Helical
Magnetic Field
(exaggerated)

Secondary transformer circuit
(plasma with plasma current, I)
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Joint European Torus: JET Tokamak IJ JULICH
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Vacuum vessel and internal divertor coils

poloidal and 24 toroidal field coils : ™

4 in-vessel divertor coils s

09.05.2019 14




Joint European Torus: Discharge Example l! JULICH

m

Largest tokamak currently operating: up to 4.8MA plasma current, 3.45T at max. toroidal field, P,,,~40MW

5e+06 - EaH0EEs H-mode e
42406 - [
] 1.5e+20
3e+06 - f
) : l.-mod% | £
“ Hle+20 M
g |
] ohmic \ 7
2e+06
] —
il de p\ \ I 5e+19
le+06 1 V U‘{ Vﬁ = t‘\ |
ol limiter  EOGTENTE [,
4#50 55 o0 65 70

Time(s)

= JET plasma duration limited by available flux swing and copper coils required to induce plasma current

= Plasma discharge in different confinement modes possible: limiter, ohmic, L-mode, H-mode etc.
09.05.2019




High Confinement Mode (H-mode)

IJ JULICH
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= Transport barrier at the plasma edge (pedestal) reduces energy and particle exhaust
* |mproved confinement in the confined plasma region (factor 2): basis for all scaling laws
= H-mode inherent micro-instable: release of particle to the first wall with pedestal collapse (ELMs)

electron pressure [kPa]

20

0

ASDEX Upgrade

minor radius [m]

Typq;ll_l_ ELMs

L-H transition

Edge-Localized-Modes (ELMs)

. Type-I ELMs

- heating power

~ Do in divertor

# 10675 , 1

1.6
-

L-mode H-mode

F. Wagner et al.

Spectroscopy with temporal resolution of ~1 ms in H-mode required to resolve inter and intra-ELM phases
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Example of ELM Cycle Analysis in JET Divertor @) JuLICH
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= ELM averaging techniques to obtain better statistic for analysis
=  Particle flux driven during ELMs and post-outgassing can induce change of local plasma
=> change from ionization to recombination dominated plasma conditions

Inner divertor Quter divertor
1.5e+24- / E%;EZ!E;]VE:nr * _? gl:‘lf:rlﬂ‘;j:ior
Particles Particles
Inner Divertor I o ‘ ‘ OI‘.IfEI' bive;tor
Da photon flux . 3e+16 W Da photon flux
[ph em?s™ sr] ‘%\'; [ph em?®s™ sr']

Do Photons Do Photons
(recombination (ionisation)
/ opacity?)

-50 -40-30-20-10 0 10 20 30 40 50 -50 -40-30-20-10 0 10 20 30 40 50 s. Brezinsek PS 2016

b) time [ms]

a) time [ms]
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Scaling Laws: Predict the Size for a Device with t=5s 9 JULICH
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Energy confinement time T :

* Experimental data cannot be fully analytical described: Te < I, X R?

= Quality of the thermal isolation (quality of magnetic cage) determined by 7,

= Multi-machine scaling (self-similiar H-mode plasmas) to extrapolate to required 1, (Wind tunnel approach)
= H-mode plasmas in fully attached conditions and mostly with graphite-based PFCs

1979 aug | ¥ CMOD yd :
ITER © mASDEX m JT60U A A: aspect ratio
- oDsp rTev s P: input power
@ _ A PDX v TDEV X
ASDEX-U E : n: electron denSIty
5 B: toroidal magnetic field
COMPASS-D § o di
£ on ITER a: minor radius
o n: electron density
g 501 J 40 70.90 —0.65 51.90_0.20 0. 05.0.
V4 ’ 0 ] = 00 T ox A04070.90 p—0.65 1.90,,0.20,.0.80 0.05 030
C #* World Wide Data Base ~ T~ . .
g ,""’ (13 Devices) plasma current major radius
I$ _'”I 11 1111l 1 I 1 11 1111l 1 111 1111
0 2 4 6 8 0-08 557 01 0.1 1 10
Major radius (m) Predicted Confinement Time
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Joint European Torus: JET Tokamak

B Be-coated inconel PFCs
B W-coated CFC PFCs

M Bulk Be PFCs
M Bulk W

—

CPS15.139-1c

Beryllium dump plate

High
magnetic separatrix
field side
Beryllium
inner
limiter and
cladding
inner outer
point point
b) Tungsten divertor

IJ JULICH
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Low

magnetic

field side

Beryllium
outer
limiter

JET before 2011:

C walls and Be evaporation
JET since 2012:

W divertor and Be wall

“Natural impurities” to be considered: Be, W, C as well as O (leaks) and steel components (Ni, Cr, Fe)
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The Challenge with W Spectroscopy

divertor

edge core

fractional abundance

i

: ,.:? Y X7
her 809
gt 1804 \

M ::: éiéléé!‘é‘ lé
0.9p1 0.01 0.1
> plasma/
= core
2
= 3 |or‘é'[:§ﬁ,[51dance as function of T, or R => not fully ionized in core
= § Jeture complex => mult;ip:)ﬁl.: k reﬂaﬁhes to simulatehanessradel W
uri nt transpo, . H
. %E agd JET uag?lq%%é test bed / provision of atomic g4f5¥BH"Y EBIT
S . oy .
. | ~ repqQlation tﬁﬂ conditions challe %Qr%%l)heating
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.
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X
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The Challenge with W in Fusion Devices

High radiation potential (core cooling)
Prone to accumulate in core (transport)

Low concentration is permitted (104 / 10), but W source is small
W control mainly via spectroscopic tools by using divertor cooling by

seeding (source) and central heating (core) as actuator

1.0

0.5

-1.0

| spectrometer LOS
raccumulation volume",

41 é?lolz, . 3.03\ (ai
‘JII (///N L

time [s]
2.0 . 3.0 . 4.0
],
WWWN
: : : 0
A

~acoumulati (©)
accumulation volume

T time=2.71s
+

DDDDEE

. E
time = 3.32s o
LR

=
L L L
5 2.0 25

00 02 04 1.0
norm. radius ppol

Prag [10° Wm2]

T, [keV]

/.

cooling factor L, [W m’]

JULICH
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100 T
109t =W '""-.‘ 4
P N
rad _
L —=L,nn
10 volume 27z
10—33_ i
10734- C J_
Be
1075+ /
. He H/
10 Tr-_ Ll /| vl 7
10 100 1000 10000
Te [6V]

T. Patterich PPCF 2008
09.05.2019
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Why do we bother with W?

Melting Point >2000 K

Thermal Conductivity >50 W/mK

24 2

Ccr %

Chromium

2180
41 iz 6l 43 Ia4 44
Nb EMo %Tc {Ru £Rh
Miobism Molhybden. .. Technetium Rutheniusm Rhodism
2750 2855 2420 2607 2217

rifd
Ir
IriciiLann
2738

@ Fi g s

2

78
Pt

Platinum
2041.4

SikEe

1

Low/Medium
Activation

+

24 H
Cr =
Chrommium
2180

- -

IJ JULICH
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Availability, Cost

+

41 142 3
Nb # Mo &
2750 2BOE

O

Erosion
Retention

+

24 g
13
cr =
Chromium
2180

24 2

+
Cr =
‘Chromium
2180

Temperature
window (RC)
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Plasma-Surface Interaction Processes IJ JULICH
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Fuel species (D, T) _ —T D and-W_Be

Confined plasma

Last

Closed
Scrape-off layer Flux

Surface

Processes depend on plasma
facing material,
material / projectile mass,
material mix and concentration,
impact energy (E;,),

Deposition, mixing
and co-deposition of

1

Release

impact angle (a), roughness and » Erosion fuel
temperature (Tg,), S R A
plasma conditions ) 9% . .. ..
\ solid
material
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Physical Sputtering of W IJ JULICH
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» Binary-collision approximation with perpendicular
impact of mono-energetic projectiles
1 detached = attached divertor Ar

1
TRIM - ]
SDTrimSk - 4

get®

o
A Y

. 3 \'\
@
®

Sputtering Yield
o
=

o
g
Beryllium

Iy, 3

i
A i ~
e I | W/ HFS LFS

i

10 100 1000
Energy [eV]
= W sputtering by intrinsic (Be, C) or seeding codeposit
impurities (Ne, Ar, N) above threshold energy E;,
= Noticeable sputtering by D* above E;,~250eV

1E-4

a)

Be sources and
= Dominantin JET-ILW: Be ions ~ 0.5-1.5% migration in JET  S. Brezinsek NF 2015
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Gross and Net Erosion of W IJ JULICH
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Optical Emission Spectroscopy (WI): Post-Mortem Analysis Techniques:
gross erosion of W [in situ] net erosion of W [ex situ]
Marker Coating Technique

. edge plasma used for dedicated PFCs
loniSation A -
Branching Ratio W I . '
EXcitation r\hv B :S
Erosion Yield '

rosion Yie —~

Counts

'%°r 4 MeV protons

[ plural scattering

M. Mayer et al.

W PFC 250 o Chanm::go 800 NME 2017

= Difference provides local W balance: eroded, re-deposited, and transported away
= Erosion of W is in general low => enough fluence to compare both methods required
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Gross and Net Erosion of W 9 JULICH
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B (o4
= Net W erosion at OSP measured v. mayer Phys. scr. 2017] e T :
: 40000 Py
= ~1.5um at OSP in 900s ELMy H-mode phase W ;
20000 | 5 i
|
—O Mo before i
2.79 1,000E+17 0 )
278 i 50000 M‘M .
8,750E+16 20000 | N .m
2.77 H H !
& L 7,500E+16 M o \cJ
2.76 € _ 20000y 5 5 5 ]
— ‘_"U) - 6,250E+16 NE 0 t t t t
e & : D
S5 274 x | |5000E+16 S 200 1
wuwm
. S I- 3,750E+16 = 100 PO i
2.72 2 E Ay .;éw
e | 2,500E+16 E 0 0‘:‘ W ; 1”
271 = < ool Be : i i ]
570 1,250E+16
T,=35eV ° L
2.69 , . 500 | ' : : 1
= 6 7 8 9 10 1 12 13 14 S. Brezinsek IAEA 2018 : : :

Time [s] Gmﬁiﬁéﬁﬁ g@
= Net W erosion: 2.4-4.8 g (RBS and marker tiles) | | |
» Gross W erosion: 40-60 g (WI spectroscopy)
= W re-deposition fraction: >92%

-~
o
o

rn
o
o

Strike point {s/mm)
o
o
o

1100 1150 1200 1250 1300
s-coordinate (mm)
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Prompt Redeposition: a High-Z (Tungsten) Effect lJ JULICH
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W1 and W I
Be* ®B

spectroscopy ?

W1 400.9 nm | == Caeuton
W injection AN ey )
|
i : : :
= | | 1
B 500f e [T S—
5 e / -
= B=2.257 | ‘ ‘
I %
-0.2 -0.1
Larmor radius: r.=M-v, /qB 2 oof WH43480m 5 e
. . pprompt - ion/rL ................................... ¢ |
lonisation length: A, = v, /<ov>,n, ] et S

" Prompt redeposition if p,,,,: <1 = large mass and large ionisation probability
= Results in LOW net erosion for W if prompt re-deposition is high.
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ELM-induced W Sputtering in Detached Conditions IJJULICH

Forschungszentrum
ELM
.. 29 , [ | | JPN #82753
Inter-ELM W source can be eliminated — e BARIELL
. . . o E -“F SOL
when divertor is semi-detached and impact 0 n [ ““' |
: q ang T 27F i A OSP |
energies below the threshold for impurities 2 oot /L T R S
26 . {1 q __ Wi at 400.9nm ]
14 19 16 17 18
Intra-ELM W source can burn through the 0 0xl 08 tmels) _____
. q ) — NIl at 3955 ]
cushion of hydrogen and seeding neutrals L5xto® b 2 r'mL 4PN 62753 |
o I | II ‘Iu"| “'\ l 1
paraliel "E 1.0x10% [ Mo (h b "|||‘ I'. |||h I | ]
Daralle . i i f A | AR
heatflux Partial detachment is the 0 50x107 - WA YL .
. . =2 1 L T BT e A 2
operational regime for ITER 40107 |—— Wi at 400 prfn] ]
midplane z i ‘ 1
2 3.0x10" | | 8
A. Kallenbach et al. 3 oL i‘ |||
'g 2.0x10 \ " ||| ‘|‘ ‘ || | ﬁ ||| |‘ i
= 1.0x10" } . RN .
BEETOECRL ST et g " e LA
for W and “power 2 12x10" D, at 397.Pnih | E
tached control => T, sensitivity 6010 F 0l | N h ;
/ | A i o | || |'\ i ]
y S 18 [ AARININ L] I A A
A fu|3| . 4.0x10 i I‘II ".‘ I“ l,-l ||'\,|ﬂ | H,Jlbw'l‘ l_\J L\,l IVH |A] 'Jlunl‘\l ﬂl Fj." II,‘;
y distance 00'/.‘>J"V'}*‘.”‘?'.... o IMATNEA IS
detached along target 13 14 1!_ 16 17 18 19
pronounced .
detached time [s]
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lonisation and Recombination ‘JJULICH
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Usage of Balmer lines or NIl lines A AMatasens B
. .. . = 1 #20783 3
(seeding) to locate ionization front © 2 t-48s
E ] D
_g_ D &
Core density / seeding ramp: . o ' 82
Radiation Radiation radiation = I:)w-:el:)g'2
7 V s Ao 1 .
380 390 400 410 420 430 440
A (nm)

Radiation & 10 ¥ ¥ ¥ ¥ ¥ T Y 7 7

front N‘” calculation: n,= n(D*) =3x10” m'J, Te =1.2eV
lE .‘.‘”
£ *».‘_‘w

lonjisafion + DD‘ ""....,__
.. reco. hi' ation . . Betorpbination (::’ 0.1 ‘;:“'-:- g Er—

nisation gcombination A #20783 T s

< t=48s
0.01 . v T T 7 7 T v v
4 5 6 7 8 9 10 1 12
K. Verhaegh (TCV)

Quantum number n

Plasma conditions determined by e.g.
line ratios and appropriate CRMs (e.g. YACORA)
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The Power and Particle Exhaust Issue for ITER lJ JULICH

Last Closed Flux Surface

Beryllium

Forschungszentrum

In order to meet the burning conditions, a certain machine
size and auxiliary power topped-up by a-heating

Neutrons transport 80% of the energy to the wall and
blanket modules: heat load on the wall

He-ash (residual from o heating) is transported out of the
plasma on a faster timescale than the energy confinement time

Particles (D*, T*, He?*, e’) are transported in the scrape-off layer
towards the divertor target plates at glancing incidence

In the original scaling law for ITER (unfueled H-mode with
500MW=P, ) one reaches at the target plates more than 40 MW/m?

In order to meet limits of materials / components (10MW/m?) one
needs to ADAPT the plasma solution by strong divertor radiation

To enable DT plasma operation: W concentration needs to be below
10 which also is connected to life time issues via erosion

09.05.2019 30




Step Ladder Approach to a Nuclear Fusion Reactor IJ JULICH

Forschungszentrum

Worldwide approach for a reactor based on a METALLIC tokamak concept

Power

Plant
CMOD, WEST,
COMPASS-U etc.

Graphite PFCs presently

AUG °

Radius ~6m
Pulse length ~400s
Pfusion~0.-5GW

Radius ~3m

Radius ~1.6m Pulse length ~15s

Pulse length ~10s

wall wall

wall divertor divertor
divertor

Radius ~9m

Pulse length >7000s

Pfusion ~2.0 GW

Steel wall (EUROFER)
divertor

not considered for
a reactor due to safety
(T co-deposition, dust),
lifetime (C erosion),
and tritium cycle
(T retention) issues!
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Next Step Device: ITER

International Thermonuclear Experimental Reactor

cryostat
poloidal

field coil

toroidal
field coil

divertor

blanket

nnnnnnn

scientist

lJ JULICH

Forschungszentrum

= To demonstrate (i) scientific and (ii) technical
/plasma-surface interaction feasibility of fusion

= To achieve extended burn in inductively-
driven DT plasma operation with Q=10 (400s)

= To demonstrate readiness of essential fusion
technologies (incl. plasma-facing components)

= To test tritium breeding module concepts with
14 MeV-neutron power load on the first wall

Major Radius: 6.2 m

Minor Radius: 2.0 m

Plasma volume: 840 m?3

Surface area: 260m? W and 620m? Be
Plasma current: 15 MA

Magnetic field: 5.3 T (12 T)

Energy content: 350 MJ

Auxiliary heating: 70-100 MW
Height: ~¥25 m and Diameter: ~26 m

09.05.2019



ITER Timeline IJ JULICH

Forschungszentrum

Step-wise construction of the tokamak and accompanied exploration program

limiter PFPO FPO
plasma (H) divertor plasma (H, He) divertor plasma (D, DT)
Construction Phase | Operation Phase e
End of Pre-Fusion
StartofPre-  End of Pre-Fusion Pre-Fusion Power Operation-II End of Pre-
EOQ Finished End of FusionPower PowerOperation-] — End of Power and Start of Pre-  Nuclear Fusion Power
First Plasma and Start of Assembly Operation-]  and Start of Assembly Assembly  Operation-II Nuclear Shutdown Shutdownfor Operation
FP) Assembly 11 i (5P) m 11} (TP) for Assembly IV Assembly IV (DT)
Dec. 2025 Jun. 2026 Jun.2028 Dec.2023 Jun, 2030 Sep.2031  Jun.2032 Mar. 2034 Mar. 2035 Dec. 2035
Engineeri Assembly I Integrated Engingering Assembly I Integrated e-FusionPowerl] Assembly IIT Integrated || Pre-FusionPowef | AssemblyIV Integrated
fEmESnng, Comm. I | Oparation (SC Comm. 11 Operation-1 Comm.IIT Operation-11 Comm. IV DT
E?tsiﬂﬁ;ﬁ Magnets) Ogperation
¥ (12Months) | (6 Months) (24 Menths) (6 Months) § (18 Months) (15 Months) (9 Months) (21 Months) (12Months) | (9 Months)

| Stage | > Stagelll >| Stage lll > Stage IV >

ITER research plan (2018)

Large number of spectroscopic systems in support and simulation https://www.iter.org/technical-reports

Variation in spectroscopic sensitivity from low power to high power discharges
ITER requires in addition seeding species: Ne, N,, Kr as seeding gas + Ar for DMS
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ITER Tokamak 9 JULICH
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ITER Tokamak IJ JULICH
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ITER Tokamak 9 JULICH
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ITER: Tokamak Building and Infrastructure

A cutaway of the Tokamak Building, which is the major element of the Tokamak
Complex (including the Diagnostics Building and the Tritium Building)
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Diagnostic Building OJULICH

Forschungszentrum

Port Interspace & Cell Gallery Diagnostic Area
A B D
Port Shielded
Interspace Pcréfe!l Corners Diagnostic Enclosures A;cess Cubicle Area
rea
B1 Cc1
. T‘“‘A
Interspace Bio  Port Call (Po DlagnOStIC gI’OUpIng
In-Vessel Support -| Shield Support Shielded Marshalling Diagnostic  Diagnostic W .
Distributed Structure | Plug Structyre  Cabinet Board Plant Cubicle qd A- M agn etics syste ms
o Al A2 ; I/ Gallery \ | Diagnostic Area
& ¥ . B- Neutrons systems

Diagnbstic
Enclosur

Upper Port Lev&

3|

C- Optical systems

0 D- Bolometry systems

E- Spectroscopy systems
F- Microwave systems
?;lg G- Operational systems

1> 12
B

||| Equatorial Porf

R. Barnsley et al.

I ‘ : : :
ﬂ I r = Diagnostics development in well advanced:
design, qualification, integration, manufacturing, testing, cabling
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Spectroscopic Diagnostics in ITER and their Purpose 9 JULICH

R. Barnsley et al.

PBS System Range Function PA Status
55E4 | Divertor imp monitor 200-=1000 |lmpurity species and influx, divertor He density, ionisation Yes PDR prep
nm front position, T,.
55E2 | Ha system Visible region E'LMS‘ L/H mode indicator, nt/ng and ny/ng at edge and in Yes PDR held
ivertor.
55E3 | VUV spectr. — main 2.3 — 160 nm | Impurity species identification. Yes PDR held
55EG | VUV spectr. — divertor 15 —-40 nm | Divertor impurity influxes, particularly Tungsten Yes PDR held
55EH | VUV spectr. — edge 15-40 nm |Edge impurity profiles Yes PDR held
55ED | X-ray spectr. — survey 0.1 =10 nm |Impurity species identification Yes PDR prep
55EIl | X-ray spectr. — edge 04-06nm Yes PDR prep
Impurity species identification, plasma rotation, T,.
55E5 | X-ray spectr.-core 0.1-0.5nm Yes PDR prep
55E7 |Radial x-ray camera 1-200 keV | MHD, Impurity influxes, Te Yes PDR held
55EB | MSE Visibleregion | q (r), internal magnetic structure Yes PDR prep
55E1 |Core CXRS Visible region o X X Mo CDR held
T, (r), He ash density, impurity density profile, plasma
. i rotation, alphas.

55EC | Edge CXRS Visible region Yes PDR prep
55EF |Pedestal CXRS Visible region | Best spatial resolution of H-mode pedestal No CDR held
55E8 |NPA 0.01- 4 MeV | n¢/ngp and ny/np at edge and core. Fast alphas. Yes PDR closed
55EA |LIF Visible Divertor neutrals No | Pre- CDR held ‘
55E |Hard X-ray Monitor 123:;:}_ Runaway electron detection 10 PDR prep

R. Barnsley et al.

09.05.2019
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passive
spectroscopy

active (NBI)
spectroscopy

active (LASER)
spectroscopy

43




IJ JULICH
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ITER Plasma Diagnostics
=> Spectrocopy
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Spectroscopic Diagnostics in ITER and their Purpose 9 JULICH

R. Barnsley et al.

PBS System Range Function PA Status
55E4 | Divertor imp monitor 200-=1000 |lmpurity species and influx, divertor He density, ionisation Yes PDR prep
nm front position, T,.
55E2 | Ha system Visible region E'LMS‘ L/H mode indicator, nt/ng and ny/ng at edge and in Yes PDR held
ivertor.
55E3 | VUV spectr. — main 2.3 — 160 nm | Impurity species identification. Yes PDR held
55EG | VUV spectr. — divertor 15 —-40 nm | Divertor impurity influxes, particularly Tungsten Yes PDR held
55EH | VUV spectr. — edge 15-40 nm |Edge impurity profiles Yes PDR held
55ED | X-ray spectr. — survey 0.1 =10 nm |Impurity species identification Yes PDR prep
55EIl | X-ray spectr. — edge 04-06nm Yes PDR prep
Impurity species identification, plasma rotation, T,.
55E5 | X-ray spectr.-core 0.1-0.5nm Yes PDR prep
55E7 |Radial x-ray camera 1-200 keV | MHD, Impurity influxes, Te Yes PDR held
55EB | MSE Visibleregion | q (r), internal magnetic structure Yes PDR prep
55E1 |Core CXRS Visible region o X X Mo CDR held
T, (r), He ash density, impurity density profile, plasma
. i rotation, alphas.

55EC | Edge CXRS Visible region Yes PDR prep
55EF |Pedestal CXRS Visible region | Best spatial resolution of H-mode pedestal No CDR held
55E8 |NPA 0.01- 4 MeV | n¢/ngp and ny/np at edge and core. Fast alphas. Yes PDR closed
55EA |LIF Visible Divertor neutrals No | Pre- CDR held ‘
55E |Hard X-ray Monitor 123:;:}_ Runaway electron detection 10 PDR prep

R. Barnsley et al.

09.05.2019

Forschungszentrum

passive
spectroscopy

active (NBI)
spectroscopy

active (LASER)
spectroscopy
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Emission Bands and Systems Components

Typical

plasma

region
Wavelength

Input optics

Windows

Dispersion

Detectors

X-ray

Core plasma

0.1=10 nm

Direct views

Polymer and
Beryllium windows

Crystal or pulse-height

CCD, Active Pixel

Photon counting

VUV

Outer plasma

2-200 nm
Grazing incidence
mirrors
Not possible

Requires vacuum
extension

Grating

Channel-plate, CCD

Visible

Edge and divertor

300-800 nm

Normal incidence
mirrors

Glass, quartz etc

Grating

CCD, CMOS

R. Barnsley et al.

/.

JULICH

Forschungszentrum
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Specific Issue in Nuclear Enviroment: Radiation @) JuLICH

Forschungszentrum

= Diagnostics need to be optimized regarding neutron flux and fluence impact:

= Shielding, distance or not sensitive to neutrons

Location

Plasma - facing

In-vessel
Behind blanket

Inside
port-plug

Behind
port-plug

Neutron flux
/cm2.s

~10%2

~108 - 1012

< ~108

Suitable technology

Metal mirrors
Retro-reflectors
Waveguides

Mineral-insulated cable
Pick-up coils for magnetics

Mirrors
Replaceable detectors

Optical fibres, lenses, CCD
detectors, conventional
electronics. “Almost anything”

Issues

Deposition and erosion by plasma.
Maintenance: - possible if in-port
- remote handling if in-vessel

Radiation induced, EMF, currents, insulation
breakdown
Maintenance almost impossible

Some maintenance possible

Relatively maintainable

R. Barnsley et al.
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Change of Design to Reduce Neutron Exposure

Y,

JULICH

Forschungszentrum

‘ X-ray Camera - splitting fan view into several sub-views results in improvement in neutron flux at port flange

*-}‘ PLOT WINDOW

=

" il ol Zoom

|n|t|al Neutronlc Model -

hasizy ®Z

(1,000000, 0,000000, 0,000000)
( 0 000000 0,000000, 1,000000%
nnnnnn

( 1192 00, -20,00, E5, 000
extent = { 362,50, 362,500

Hesh Tally 54
===Meutron spectra
Total Energy Bin

nps EEEO0ZEZT
runtpe = runtpil
dump BB

Total Energy Bin

4.1250+8 o BT |||
gz = 140321, -20,00, 122,61 [PRe————
CURSOR Restore Cellline
PostSeript | ROTHTE
COLOR SCALES O LEVEL
i i 5
LABELS L1 off L2 off
MBODY FHESH 54

Click here or picture or menu

Improved Model

,

el

A

L
Illllup-

l
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Specific Issue in ITER: Diagnostic Port Coordination IJJULICH

Forschungszentrum

= Different diagnostics share one port — arrangement and coordination (iterative)

g

PCSS |

PP

Bioshield

Inner H Outer

Cryostat

GRS

reservation

£

R. Barnsley et al.
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Expected Range of Plasma Conditions 9 JULICH

Forschungszentrum

= Wide range of plasma backgrounds modelled to reflect operational range of ITER
= |mpurity emission is modelled using plasma scenarios as expected targets for diagnostics

= |mpurity emission modelling is essential input to designs — sets requirements for instrument:
= Sensitivity

. il o view and spatil ressluton ASTRA plasma modelling
> ADAS atomic data
3| = Continuously refined and expanded SANCO impurity transport
a = Wide range of plasma scenarios
= Impurity radiated power — line and continuum ERO2.0 PSI at main chamber
= |nput to all spectroscopy designs and divertor

= |nput to Bolometry design

= Next step: time resolved simulation of plasma scenarios for synthetic diagnostics,
developing and training analysis

M. O‘Mullane et al.
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LOS emission (ph em=s'A”)

Emission Modelling in VIS, VUV, SXR and in bolometryl! JULICH

= Sensitivity analysis concerning input parameters (transport) / Variety of plasma conditions

= Complete plasma discharge simulation including intrinsic and extrinsic impurities
= Energy-resolved radiated power predictions to high energies, up to HXR region
= Core, edge, divertor and SOL contributions to total radiation

entrum

107 e

15MA optimal performance
R I IS B

L A7 {0.05%), Fe (107), Kr (0.05%) and W (10°)

[ I‘ l ]

[ | wesd | | 1

| | FTELy o Ar Ly-a i

KrL):J[u Il || i
e wsas |

a — — I 4

R PR | e | e | e | e

1 2 3

4
Wavelength (A)

LOS emission (ph em™ s7'A”)

10"
[ Ar{0.05%). Fe (107%), Kr (0.05%) and W (]0™)

10"

10" 4

7.5MA H-mode

m -

3 4
Wavelength (A}

| Prad (W cm™ eV™)

10-2_ ™ T Ty

Al

H: 89.6% A

b He: 2.5% A

- — -
10" B

line of sight SXR emission

W 0.0% 4

0.1

1.0 10.0
Energy (keV)

09.05.2019

100.0

1000.C

M. O‘Mullane et al.
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Emission Modelling in VIS, VUV, SXR and in bolometryl! JULICH

entrum

= Sensitivity analysis concerning input parameters (transport) / Variety of plasma conditions
= Complete plasma discharge simulation including intrinsic and extrinsic impurities

= Energy-resolved radiated power predictions to high energies, up to HXR region

= Core, edge, divertor and SOL contributions to total radiation

sensitivity of X-ray lines to intrinsic vs seed impurities
transport assumptions emission in different scenarios total radiated power
10" L L 100000 — T T T T T T g o
[ Fe™ n-2-11.783A HEEEE ;-55%‘1 0.05% Kr'** 2 F - Zon=1:50, P = 54.5MW I:m
[ Fe™ 18’5, - 1s2p 'P, 1.8505A ] N = 5:2
I ] 31102 _//""__‘_““ 10°Fe™ = 10000 3l
,:’)‘ ‘ — :______--"’ - < 700
- 10" - @ r \ i} g o
E f ] :E 0 5 & 1.000f 3 T:Z
s 8 2107} r 8 “
= = ] - £ i »
2 2 - 8 ot00f 4[] 7
@ £ : o
T 10" w r - 5 s
3 L - 8] 3
- 1:10'%} i I 1
I E 0‘0105 Be 1.000% E _
: F| Fe 0.050%
'- Fl W 0.001%
4 F| (H 84.626%)
10" oL - oootl
0.0 0.0 0.2 0.4 0.6 0.8 1.0
ra

M. O‘Mullane et al.
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Example: VUV spectroscopy in ITER IJ JULICH

Forschungszentrum

= VUV spectrometer system to identify and quantify impurities
= |mpurity profiles at pedestal region

55.E3 55.EH 55.EG
Impurity species . . Divertor impurity
i . Impurity profile ]
L ae== identification influxes (W etc.)
% Edge Imaging, Up.18
. 2.4-160 17-32 15-32
. Divertor, Eq. 11
R ] _EC ~500 ~500 ~500
iy Core Survey, Eq. 11
o, 5 1 1
=7
//’/f Slotin Eq 11 PP Slotin Up18 PP Slotin Eq 11 PP
S 10 x 100 mm~2  Field mirrorin PP Field mirror in PP
Collimating Collimating mirror  Collimating mirror
mirrors in PC in PC in PC

R. Barnsley et al.
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Example: VUV spectroscopy in ITER lJ JULICH

Forschungszentrum

= Core survey system of HEXOS type with 5 channels
= 5-channel Main Plasma Spectrometers with shielding concept for MCNP analysis

VUV spectrometers for ITER (eq. port no. 11) W. Biel 25-06-2007
1 1 I 1 1 § a1 I 1 T I 1 T LI I
Pinch calibration source
Hollow cath libration sour
C-VI (6-1) Be-IV(2-1)  ArVIl Hell(2-1) Hel G-IV
Zr Mg-like Si
z Nalike Si
Zr Be-like C
Wo /Ta
Spectr. No. 2 Spectr. No. 4
Spectr. No. 1 Spectr. No. 3 Spectr. No. 5
1 1 1 1 1 ) D BT | I 1 1 1 1 1 11 1 I
1 2 5 10 2 5 10° 2
A nm

09.05.2019



Test of Spectrometer in KSTAR

on the optic A
table

IJ JULICH

Forschungszentrum

+. 2.Convex 10cm x5 cm,

» Spectrometer table on the F-
port deck

¢« 3 m-long Vacuum Extension
Tube

» Two Gate Valves
* One Bellows
» Collimation Mirror Set

1. Cylindrical 10 cm x 5 cm,
R.O0.C.=13.5cm

. RO.C.=700cm

09.05.2019



Example Spectra 9 JULICH

Forschungszentrum

7000

Fe XV Back-illuminated CCD

6000 |

5000

 Impurity lines of
initial plasmas at
KSTAR 2012
Campaign (2012.
09. 06)

4000 | Fe XVI

3000
He ll

2000 |

1000t €1V

Detector Counts (# /12 ms)

30 3 40 45 50

1600 | O VI

1400 [ oVl

1200

1000 |
soof
600 |
400
200}

Ch. 3 MCP detector

Fe XV

Metal Lines

Detector Counts (# / 13 ms)

15 20 25 30
Wavelength (nm)




Main Chamber H,,, System @) JULICH

Forschungszentrum

-~ 1.5E-09

1.28E-08

- 1.07E-09

- 8.57E-10

-6.43E-10

- 4.29E-10

214E-10

e U
o

Image features on Tangential view most Divertor view to
inner wall features highest quantify divertor
contrast emission
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Reflections for Main H,,,, Diagnostic @) JuLICH

Forschungszentrum

Divertor

No reflections signal With Reflections

Signal near FW

SOL signal
+

reflected signal
from divertor

Log ( llluminance [Wlmmz]
Log { llluminance [WImmZ]

Scrape off
Layer (SOL)
Signal near FW

Light tools software
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CXRS Systems in ITER lJ JULICH
T eases . vacess |

Name CXRS-core CXRS-edge CXRS-pedestal

Spatial resolution a/30 a/30-a/100 a/100

10000

anon

enon
000
G000

s000

¥ )

4000 =

anon

2000

1000

. . -1000
4000 G000 a000 10000 4000 sooo G000 000 2000 000
H i) R [rm]

1] 2000
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CXRS Core System IJ JULICH

Forschungszentrum

ISS rear optics

assembly

i diagnostic
eV first wall (DFW)

path for

libration r iti '
calibration source conditionning

antenna

shutter actuator entrance

shutter \ aperture

\ blades
entrance aperture and duct

protective shutter " light path torus

first mirror M1

cleaning device (not in the FPA)

mirror chain (M2...Mn) Ph. Mertens et al.
rear optics assembly

calibration system

~NoOo gk ON -
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CXRS Core System IJ JULICH

Forschungszentrum

Diagnostic Neutral Beam

EPP04
HO + X#*1 > H* + X¥(nl)* - hw
DNB (ITER): =100 keV/amu, 236A, 7 mrad  Ph. Mertenset al.
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CXRS Spectral Properties and Quantities lJ JULICH

Forschungszentrum

21
2 ' Ao
Line width T M| CA, |
ine width: L= ] _V
lon temperature | kB /10 7/8In2 ‘% °e -c
c 06
]
£ 04
Line shift: V.. =—C Aﬂ“rot 0.
Plasma rotation rot 2 _
0 0 4 T T T T ]
-4 2 0 2 4 5 AA /a.u.
Integral: ¢ _ 1 n.n < Vv >d€
lon density o A £+ "beam O em Vbeam

2465 nm band (He, Be) — around 468 nm = He Il, Be IV

ITER 2520 nm band (C, Ne, Ar, Kr) — around 527 nm = C VI, Be ll, Ne X = High resolution spectrometer
and Ar XVII| = Each lines-of-sight one
spectrometer?

7656 nm band (Balmer) - H, D, T, at 656 nm
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CXRS Signal Expectation IJ JULICH

Forschungszentrum

Radiances in m2s'sr! A

mx 10° ITER-Eport—=3 CX Hell Spectrum 8.3,( 10° ITER-Eport-3 CX Hell Spectrum
2l % Simulated spectrum
8. Fit to simulated spectrum
8 . 8.1} Active CX He Il (4—3 @ 4685A)
—_ - —— Edge line emission
% % 8f Passive CX He Il
ﬁ 6 ] E 7.9 Active CX Be IV (2 lines: 6-5 @ 4658A and 8—6 @ 4685A)
zqom > 'E‘ 7.8t
(background subtraction) T
4r ] ; 7.7+
R 76
2 1 7.5+
7.4
0 L 1 1 ' L 7.3 L L L L L
4620 4640 4660 4680 4700 4720 4620 4640 4660 4680 4700 4720

lambda/A

AIA A IA

M. De Bock et al., Overview of Active Beam Spectroscopy developments for ITER

__he
N2 7.t exp( /'lkBTe)

VkpT, A2

Bremsstrahlung: By g :/

dl / dLCZ(A,T., 7o)
JLOS J0O
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(IN-DA)

XRCS Core (US-DA) XRCS

Survey
(IN-DA)

IJ JULICH

Forschungszentrum

Subsystem Main plasma x-ray survey X-ray Core imaging X-ray Edge imaging
Function Impurity species identification and Core ion temperature, rotation, Edge ion temperature, poloidal
monitoring impurity profile rotation, impurity profile
Wavelength range (nm) 0.05-10 0.2-04 0.2-0.5
Resolving power (A/DA) Below 2.5 nm ~1000, Above 2.5 nm ~ ~3000 ~3000

100

Implementation

Slot in E11 port-plug,
Diffracting optic in port cell

Slot(s) in EQ9 port-plug,
Diffracting optics inside port-plug

Slot in UQ9 port-plug,
Diffracting optic behind the port-plug

Wavelength, 107

Wavelength (A

09.05.2019




ITER x-ray Survey Spectrometer IJ JULICH

<--- ~ 10 m to slot in blanket

Forschungszentrum

Slot at blanket acts as entrance slit: 10 x 100 mm?

Range of ~6 different bent crystals with Bragg angle
range 30° - 60°

Wavelength coverage ~ 0.05 nm - 10 nm

Spectral resolution ~ 1000 below 2.5 nm, ~ 100
above 2.5 nm

Detectors CCD for long wavelength, Pilatus for short
wavelength
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