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Programme Management Unit

ITER
Fusion for Energy (F4E)
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All EU Member States plus Switzerland have joined the EUROfusion
agreement involving 29 fusion laboratories and numerous Third Parties.

Their combined effort will achieve the ultimate goal: fusion electricity by
2050s.
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Fusion is
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Fusion is
plausible

D E M O Fusion .is

commercially
exploited

.

7 5 Y
MAST I ""ASDEXU

,m H iCv ’@m JT-GOSA

-

s,

~2020 ~2025
Operation



Emphasis on:

Fusion Roadmap

8 Strategic Missions to tackle the critical challenges for Fusion:

1. Plasma Operation
2. Heat Exhaust } IPH
| 3. Neutron resistant Materials |
| 4. Tritium-self sufficiency |

5. Safety ~ DEMO

| 6. Integrated DEMO Design ‘

8. Stellarator
} IPH

Central role of ITER

DEMO as a single step to commercial fusion power plants that
produce electricity and have a closed fuel cycle

DEMO construction starting early in the 2040s

Pragmatic Approach: It should not be perfect but good enough and
must come on time to make an impact




Comparison of Power Systems

Why fusion?

* Most exoenergetic
reaction in the known
universe

« Highest power density
per Kg

* Lowest emission of
greenhouse gases

e Technically safe

Annual Fuel Consumption and Waste

for a Continuous Generation of 1000 MW, el

210 trains with 100 wagons, or the distance from Amsterdam - Paris

2.700.000 tonnes M 10,000,000 fonnes O3
219.000 tonnes SO;

29.000 tonnes NOy

11 Supertanker

1.900.000tonnes A sawemm* =2 -

1.5 Traln wagon 32 fonnes of Iradiated Fuel

32 tonnes UO, M ii _i

100 a 200 Km?in Europe

=iz
S0a 00K’ inSahurabesstt L

100 Kg Deuterium Plck-up Truck 400 Kg of Hellum

150 Kg Tritium
(from 300 Kg Slithium) ‘o o©o° ﬂf \

JG03.36-132

Photovoltaics




The fusion process

Light nuclei fuse into heavier nuclei

' nuclear fission

. Fe
r The *iron group*
8r of isotopes are the
- most tightly bound.
— - 6 f : '
& ([T 2 Ni (mostughty bound) :
o0 '
22 6 ggFe :  Elements heavier
- 55Fe ' than iron can yield
8'%‘ : 26 have88Mey:  energy by nuclear
@ : pernucleon : fission.
gg 4 H vieldfrom  binding energy.
® £ nuclear fusion :
oo
B2
n .E -+ l
Sag
(4] '
a2 ' Average mass
| + of fission fragments 035 !
P {is about 118, U:
l-lllllllllllilllllllllllLE
50 100 150 200
Mass Number, A

FUSION
fast deuterium  tNtum
particles | é@
m=2 m=3

1 UNIT = energy
use of one U.S.
citizen in 1 year.

Mafer =4.98 Conversion

E =(.02)c? to energy
676 units  Perka fuel

Fusion products; 14.1 MeV neutron and 3.5 MeV alpha particle



Principle of Energy Production with Magnetic Fusion

_ * Magnetic fields cause charged particles to spiral around
*For the nuclei to get close field lines.

enough to fuse they have to  Toroidal (ring shaped) device: a closed system to avoid
overcome the Coulomb end losses

barrier. * The most successful Magnetic Confinement device is
the TOKAMAK (Russian for ‘Toroidal Magnetic Chamber’)

*To achieve this an alternative
are hot plasmas: aplasmais a
lonised gas (ions and
electrons are separated)

*For fusion to be an energy
source, a hot and dense fuel
plasma must be confined in a
tight volume for long times...

” i s | Neutrons release
*>"Magnetic bottle ENERGY & CRUCIAL

PHYSICAL INFORMATION




¥
L
—
)
L
@
—_
Q
Q.
=
Q
o

Maoiais ; Inertial
usion ¢ 'confl nfelrjl;?:rtl
reactor 4

Nebula

Solar wind eon sign
ez

Interstellar space Fluorescent Ilghtﬂ-

Aurora Flames

10° 107 10" 10*! 10¥ 10
Number Density (Charged Particles / m?)

Magnetic fusion
plasmas have
temperature and
pressure higher
than the solar
corona and
temperature one
order of
magnitude higher
than the Sun core

Region of
Quantum
plasmas



Magnetic field configuration Foloidal Plasma
field electric current

H eatl n g S C h em eS Transmission Line

Radio Frequency /
(RF) Heating

Ohmic Heating

Electric Antenna

Current
/ Electromagnetic
Waves

Energetic hydrogen

Toroidal

field

Resultant helical field
(Pitch exaggerated)

*Fusion products. 14.1 MeV neutrons to
"e.‘;’,:j?c't_ﬁ,?'" provide the energy output. 3.5 MeV alpha
I particles confined to keep the plasma hot
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Tokamak plasma topology Toroidal
Direction
‘,————' —
Separatrix
Banana
/ Trajectory

Projection of Trapped lon Y 4 : _ Y y y
Trajectories is Banana Shaped : - y
(for illustration only) / ( @ b _
X-point 2 ‘ X : ’
p - %
\ lon gyro-motion g

Divertor
Targets

The plasma has an elongated cross section to improve confinement.
The divertor is the part of the device explicitly designed to cope with
he energy and particle exhaust. The particles follow complicated
orbits.



A scientific and
technical challenge
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PfusionIPadd Q~0 Q~1 Q~0 Q~10 Q~30
duration  ~400s 2g ~100s 400-3600s Continuous



JET ILW-Be main Wa
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JET main parameters

Major radius 3.1m

Vacuum vessel 3.96m x 2.4m
Plasma volume up to about 100 m3
Plasma current up to 5 MA

Toroidal field up to 4 Tesla A
Pulses of tens of seconds = | e %
&l JET has some unigue technical and scientific capabilities:

» Tritium Operation
» Plasma Volume and Magnetic Field to confine the alphas
»The same wall materials as ITER (W and Be)

=== L & Ll BTSN
Mission: Mitigate ITER risks and help qualifying ITER :
scenarios, technologies and procedures.
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A scan in isotopic composition and a DT campaign are unique
opportunities
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Fusion Plasmas as Open Systems 7e)
\‘§__/ ))
\=?
A Tokamak plasmais an open system, kept out of equilibrium, fuelled by
Injection of both energy and mass and therefore presents all the
problems of control of a typical open system.

/\ Input of energy and matter: fuelling and
\ additional heating systems

I \ Internal Transformations: optimization of
\ the plasma configuration to maintain the
I Be internal structure and maximise energy

production.

/ Elimination of the waste: power and
particle exhaust.

Contamination: Helium Ash
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Goals of Diagnostics
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« Obtain the magnetic topology (magnetic and electric fields)

« Determine the Plasma Energetic Content (Temperature and

Density)
« Measure the Plasma losses (radiation, particles)

« Determine the flow and turbulence

Final goal

Measure the fusion products, neutrons and alpha particles, to
control the energy production




JET diagnostics

Divertor spec!

LIDAR Thomson scatterir
Divertor LIDAR Thomson scatte
Fast ion and alpha-particle diagnostic —,
VUV and XUV spectroscopy of divertor plasma }Q
50KV lithium atom beam
VUV spatial scan
Multichannel far infrared interferometer . 5/6

Laser Injected trace elements
Bragg rotor x-ray spectroscopy; @ =
VUV broadband spectroscopy

Lfa \ VUV spatial scan

N\
St tn \]

// »-

CCD viewing ar
recording

Grazing incidence XUV

X-ray pulse height spectrometer
broadband spectroscopy

[L l

_ﬁ_ﬁ_ o

i
4 E-mode reﬂeck)meter
Electron cyclotron emission helerodyne -

i A2 T
&/ l» g s Ve
IS8 ol

A ¥

O-mode microwave interferometer

High resolution X-
crystal speclrosco
Divertor g: gas
using Pannil
ﬁ‘wv_\m‘.-. I

Endo

All major measurement techniques in
physics are represented

At JET about 100 diagnostics
operational and about 20 more in the
design phase

The measuring instruments are
different but must be coordinated in a
single experiments

Already acquired a maximum of more
than 55 GBytes of data per shot
(equivalent to about a 5.5 hours digital
movie). Database: more than 90
Tbytes (comparable to US Congress

library)

All the information is relevant and
should be interpreted.
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Plasma Diagnhostics i\;_;/}))
Particle
Plasmas are very Scattering
delicate physical
S Stemsp y Particle
y Detection

Diagnostics are
mainly passive and
measure the natural photon

emission from the scattering/

plasma refraction/
absorption

Photon Detection

*Active probing can
be done with laser

or particle beams High temperature

plasma
*Solid probes are
possible only at the
very edge
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IO-5 nm T

107 nm—+

107 nmT

0% nm

10" nm+

| nm T

10 nm T

100 nm T

10 nm=1lumT
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100 um 7

1000 m=1mmT
10mm=1cm
10 ecmT
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Fusion neutrons  +_ray and neutron diagnostics: based on

Gamma nuclear physics
ays
Spectroscopy ( IR, visible, UV and SXR):
Xra)s wonm RAsed on atomic physics
Ultraviolet
/Radlatlon

Interferometry in the IR, Thomson
Scattering (visible): based on Classical
~ Electrodynamics

V|51ble L |2ht

Infrared 700 nm

Radiation

Magnetic topology with pick-up coils
based on Classical Electrodynamics

Microwaves

Radio Waves ] _ ]
In Magnetic Confinement Fusion
measurements are performed along the

. whole electromagnetic spectrum
Particle systems



Fusion neutrons

10 nm—

10.i nm T

10" nm+

107 nmt
107 nm-

10" nm-+

| nm T

10 nm T

100 nm T

10 nm=1lumT
10 um—

100 pm T

1000 m=1mmT
10mm=1cm+
10 cm—T
100ecm=1mT
10m-

100 m-

1000 m = 1 km
10 kmT

100 km T

Gamma
Rays

X rays

Ultraviolet
.~ Radiation

400 nm

Visible Light

\ Infrared

Radiation

Microwaves

Radio Waves

Particle systems

700 mﬁ 7
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*Describe the basic physical principles
behind the main measurement methods

sldentify the main plasma parameters
which can be measured

*Show main results and their validity by
cross validation comparing
measurements obtained with completely
independent measuring techniques

*Provide an idea of how the various
diagnostics (independent experiments)
are Implemented in real life.

*Highlight some advanced developments
of the techniques



Measuring the Magnetic Topology
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Magnetic fields

106 nm -+

lO-5 nm T
10 nm-+
10 nm

107 nm-T

10" nm+

I nm T

10 nm T

100 nm T

10 nm=1lpumT
10 um
100 um T

1000 m=1mmT,
10 mm=1cm-~+
10ecmT
100cm=1m-—
10m-

100 m+
1000 m = 1 km ~
10 km

100 km 7

Fusion neutrons

Gamma
Rays

Atays 400 nm

Ultraviolet
.~ Radiation
Visible Light\

Infrared 700 nm

Radiation

Microwaves

Radio Waves
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Particle
Scattering

Particle
Detection

Photon
scattering/
refraction/
absorption

High temperature
plasma

Coil systems

v =--A2
dt

‘The traditional measurements of the magnetic
fields outside the plasma are performed with
coils and are based on induction.



Location of the pick-up coils

Hundreds of coils of various nature are typically
located around the vacuum vessel of a Fusion device
and some inside.

Various methods based on Classical

electrodynamics (vacuum) are used to derive the o
plasma boundary from the external magnetic fields X
TN\ \ OPLC
\ p L
L 4 »
| §
|
|

/‘éﬂ Poloidal cross section
— A _—
Lk T T-E4 POLNOAL SET, DCTAD j _&_ -
KHER WLl COILE #..‘-.,Ii-_._l-.__ =]

. . . . a o
Hieh Resolution Maenetie Corls

T




Plasma Boundary with SXR: the GEM Detector (((’3/;‘;;

\=
*Pick-up coils have problems in aradiation hard environment (close to the
plasma, integrators etc)

*The next generation of plasmas will be so hot that even the boundary
will emit in the SXR

» Adapt Gas Electron Multipliers detectors
J
b

Current~few nA
Vdrift=-3100V

Drift Hh
windew Cathode / 2
: Ir= Cathode Conversion & Drift
Converted g e— V‘ff’f‘fmoy GEM1 mmm h@ T TR LY
o _‘}_“' i\ ()7 Transfer 1
""" v_{l_"; GEM?2 mm d EEEEEE...
Vdown=-600V \ ;/\'I] Transier 2
GEM3 = . L L LR
ey Sy % Induction
Anode e - =

{(a) —
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The triple GEM Detector

/
|

Mylar foil with aluminium

Prgad il ..“)4:.-}‘!?%"’? s
pate=aUil 3o BESuRs

Main potential advantages:
Flexible
Radiation hard
High count rate

The capability of properly simulating
these detectors has improved

dramatically recently

70 pm 140 pm
: 10cm x 10cm

128 pads 6x12 mm?

FRELEN
ARE

Width 50 mm (Kapton)



Measuring the properties of the

electron fluid
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Visible + near UV- IR

4

\

\
4

N

N

7

/

g

Py

~

A

=
\\\\.

" X rays s Laser Thomson Scattering (T,, n,)
ol i gnmm.et - ‘Ruby Nd YAG /double Nd YAG
Radiation
100 nm T =, A
10 nm=1pum-T /

10 um V|5|ble L uzht
100 um T \\ Infrared 700 nm

VAN G ik Radiation

Infrared interferometry &
polarimetry for n, and B




Interferometry / \’\)

What is measured is the phase difference between a laser beam (112 mm)
crossing the plasma and a second reference beam:

ne profile
Aj=red red 0

where:
N \
e = 52 =2.82X105m g N "N
4 C Eorne

E1cos(mt) E2 cos( wt+Ad)
The phase shift provides the 3 Detector
average electron density along the beam AN L—>
line because the electrons only interact Detectors are
with the wave! Bolometers InSb

working at liquid He
2 2
A¢ can be determined by interference: V= E_21 +% + B - E cos(AgQ)

In Fusion interferometers are of the Mach-Zender type and use a
super-heterodyne approach for the detection
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FIR diagnhostics

Since the electrons are immersed in a strong magnetic field they
constitute an anisotropic medium optically active (due to their gyration

around the field lines).
POLARIMETER 4

L INTERFEROMETER \ /\ f
A — <
e: \J \V
Plasma \ /\ f R
\V ] I ‘ | \//\\//\ ,
\ /\ /\ 01:’. N ! "
\/ \/ time o Faraday rotation angle

Probe o
iy At Wire grid Phase shift between two
elerence orthogonal polarisation

Phase shift between ﬂ { components

reference and probe signals

Rotated Elliptical
Plasma polarisation:
I due to the anisotropy and

F=2"=Ca[n(z)dz

27T optical activity of the

: N medium
Linear polarisation
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Polarimeter

/
(/

Faraday Rotation effect

The plane of linearly polarised light passing through a plasma is rotated when
a magnetic field is applied PARALLEL to the direction of propagation.

Faraday Rotation angle AY =~ AZJ‘ N BI3||dz ﬂ

Cotton-Mouton effect

The ellipticity acquired by a linearly polarised light passing through a plasma
IS dependent on the magnetic field PERPENDICULAR to the direction of
propagation.

Cotton-Mouton angle (P =~ ﬂgj n, Btzdz ﬂ



Interferometric Diagnostic at JET ‘

4 |lateral channels 5+8

4 vertical channels 1+4

Single Colour Interferometer 2 Colours Interferometer

A=195pm A=195um (DCN laser) main laser

A=118.8um (Alcohol laser)
compensation laser

15

Comparison with
LIDAR: profile

Pulse: 51573
T T T
econstruction i

o |
0.5 F |/

o
RS NEINA
s =

=15

v - ‘ .
o
n

| | |
1.5 2z 2.5 3.5 4
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JET FIR Interferometer/polarimeter diagnostics in reality @

| Diagnostic Hall

[ RED

_ ALIGNMENT LASER

HeMe

N I

Grating wheelsare used t

*Optical path =80 m r_
*Hundreds of optical |

components

*FIR power = 200mW

|
: |
| COMPENSATION LASER : modulate the FIR signals
: [co, |m{ALCOHOL 119 pm}e—s -t :
| maiNLAsSER |
I SEHx
| i 1
I ,_R 1 - :
I DCH1 195pm 100EH:
| . I
| n 1 I
N ok —r ' LATERAL System |

VERTICAL System [ !

|
INTERFER OMETEY | & & & & &
1%mVl V@ W3 Vi VERef I 1%mIl I I3 L4 LR
(1000 0] [ I
lg w o | Bw O
g » O | B
IE V4-D IéuD
__ — — g — —g—
T rrr T T L
L |

INTERFEROMETRY | {/yl%
Wl € €3 4 CRef | (s

=

x\
M)

=

L — | Torus Halll

Basement |

&.C.B 14,08, 2002

20 metres

15 melres
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|
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Incoherent Thomson Scattering
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LASER Thomson Scattering
Scattering from free electrons:
contrary to Compton
scattering radiation of low energy:
no change in
the momentum of the particles

PLASMA

A laser beam is launched to the plasma. The scattered radiation
from a given area is observed with angle 6.

The spectrum of the scattered radiation carries the information on
the plasma properties (electron density and temperature).

The particles scattering the light independently are the electrons

This diagnostic was used by scientists from Culham in 1968 to confirm
the high temperatures reached in the first Russian Tokamak, leading to
the development of Tokamak devices all over the world.




Incoherent Thomson Scattering: LIDAR

Broadening gives the electron temperature Te

Absolute intensity gives the electron density ne

Lasers: Ruby and NeYAG

LASER
T3
— \
X=ct \ 2
X
< - - nuf\UAUnvn -- >
~ g ts\\ S
1ns->30cm
DETECTION SYS. PLASMA

In case of radar measurements time is
translated into position



Incoherent Thomson Scattering (@

LIDAR at JET: principle
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). Space resolution:

AX?= CZ-( tlaser2+ 1:detz_l_ 1:daqz)/4
t|aser:300pS

tye= 300ps

/\/_\ lyaq= 100ps
m AX=7 cm

»

Number of photons reaching the detectors can be ten orders of magnitude
lower than the beam. Detectors GaAs (P) specially developed for fast
response and high OE




Thomson scattering optical path

Core

y = ! LIDAR Laser

put/output shield
penetrations

"

JET Transformer

Divertor
LIDAR laser

Core LIDAR -~

Jetection system
‘6-detector Polychromator)

Safety shutter

/

Biological shield
(concrete, 3m thick sides,
2.5m thick ceiling)

et

Scattered light

Main & divertor
LIDAR light paths

Collection mirrors

Laser
input mirror

Projection
mirrors

Figure 1
JET's LIDAR-Thomson Scattering
Diagnostic

Thomson scattering
optical path: about 50
meters

 Power density of about
10 GW (for only 300
picoseconds)

*Frequency of laser
pulses: 20 Hz
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Collective Thomson Scattering (@
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Contrary to high energy physics in Fusion the tendency is to use longer
wavelengths to probe the ion fluid and to investigate collective effects.

Fast ions, being fully stripped, are nearly invisible but their wakes in the electron
fluid give them away.

Fast ions draw a wake in the electron distribution, detectable by Collective
Thomson Scattering (CTS). And at scales larger than the Debye length ion
wakes are the dominant cause of microscopic fluctuations. Measurement of a

collective effect. .
Blue: wake in the \ Light scattered coherently
electron fluld from the electrons give
lon (swan) : :
@ iInformation about the

T presence of the ions.
Contrary to the high energy
physics longer laser

wavelengths are required to
detect this collective effect.




Measuring the properties of the

lon Fluid and impurities
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Visible + near UV- IR

/ﬁ-‘
'\

Plasma ions, being fully stripped, are nearly invisible but the
iImpurities in the plasma thermalise with the ion fluid and emit
characteristic radiation which can be analysed spectroscopically.

. _, | Passive spectroscopy: from
i “a’s 700 o IR to SXR. Ti, rotation...

b Ultraviolet
e [ Radiation
100 nm T
10 nm=1pum-T

10 um VlSlbIe L lﬂht\

100 pm T \ Infrared 700 nm

TRNNY i e Radiation

Charge-exchange recombination
spectroscopy:

Visible lines for ion fluid and
impurity studies

Need extensive database on atomic
physics
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lon Diagnostic: Charge eXchange
Recombination Spectroscopy (CXRS)
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Principle: derive information about the main plasma ion fluid by
measuring the properties of intrinsic impurities which are thermalised
(have the same temperature and rotation as the main plasma)

=

Fast D, at 100 keV

11 o

Neutral Particle beam

Charge exchange
excitation process
between an impurity
C®* and the neutrals
of the beam

Magnetic Field Line

Plasma
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Charge eXchange Process
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Charge exchange excitation process
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Information derived by CXRS
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Principle of Charge Exchange spectroscopy

The emitted radiation carries the
information about C°*

« temperature

* momentum : The CX reaction does produces
& @ very little momentum change for the
@ @ recombined ion and hence does not disturb the
e S : e
o <‘§'hv lon velocity distribution.
B 6+ : —®—. the number of C6*
C C5+ C5+




Temperature, velocity and impurity measurements (@

* Broadening dominated by
Doppler width.

* Velocity can be measured
from Doppler shift

*The density of the
Impurities can be
determined from the
absolute intensity of the line

Reference
line

-V

Ti

|
LN

Vol

JG04.54-17a

|
5270 52

80 5290 5300 5310 5320 5330
Wavelength (A)
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Core CXRS diagnostic at JET
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Single fibre link

« Spatial resolution:
limited by crossing
between beam and los.
Order of few cm

*Time resolution:
limited by the detector
~10ms.

JG04.54-8c

fibre links

In terms of detectors, spectroscopy in fusion requires
development mainly of spectrometers.



Summary

Magnetic fusion plasmas are complex, open systems, kept out of
equilibrium to maximise performance

Magnetic Confinement Fusion is one of the fields of physics which
requires the highest number of different diagnostics (all major
measuring techniques of physics are represented).

This variety is due to the fact that

— the temperature range covered is enormous (from liquid He to 100
million °C)

— the density range is also significant (from 1 bar to UHV 10-8-10~°
mbar)

The amount of data available is quite remarkable. Since nuclear
plasmas require an holistic understanding (more like the Health
Sciences than the High Energy Physics) the interpretation task is
formidable.



