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*A diagnostic is an instrument which performs 
measurements in a plasma
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How important are measurements?

 In 1968, Soviet researchers announce T  10 MK (800 eV) and E  10 ms in 
their device T-3
 Lyman Spitzer, founder of the fusion lab in Princeton (USA), questioned the 
measurements
 In the middle of the Cold War, Artsimovitch (Head of the Kourchatov institute) 
proposed the British experts to come and make their own measurements
 5 British spent 8 months in Kourchatov to install their Thomson scattering 
diagnostic and confirmed the T measurement
 The stellarator in Princeton is turned into a tokamak, tens of other tokamaks 
are built: it is the beginning of the tokamak era

N. Peacock, Nature 1969
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Outline

1. Introduction: what do we need to measure?

2. Examples of common techniques and diagnostics
 Current and voltage
 Electromagnetic emission

3. Performance and other aspects of a diagnostic

4. ITER diagnostic integration

5. Summary and conclusions
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1. Motivations, context and definitions

What do we need to measure ?

1 eV  12000 K
1 keV  12106 K

What is this?

 Plasma energy content W:
 provided by power injected into the plasma
 but some is lost (edge absorption, radiation)

 Time evolution of W:

, ,

,

 Stationary: 


,  ,



𝑛 =  𝑛 (+𝑛 ) =  𝑛 (pure plasma)𝑛 =  𝑛 (+𝑛 ) =  𝑛 − ∑ Z × 𝑛  (real plasma)
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1. Motivations, context and definitions

What do we need to measure ?

Many physical quantities  many diagnostics!

Present day tokamaks: 

: He, Be, C, O,... W

Mag. fusion plasmas: 𝑇 ≠ 𝑇
𝑇  plays a role in:

Radiative losses 𝑃 =  𝑛 ∑ 𝑛 𝐿 𝑇 

Heating efficiency

E = Energy confinement time
= Energy content / Input power

Energy content = 𝑛 × 𝑇 + 𝑛 × 𝑇 × 𝑉

Input power = 𝜌 𝑇 × 𝐼 + add. power
Output power = 𝑃 + 𝑃

Edge 𝑛 , 𝑇

1 keV  12106 K

Ti

ni

centre edge

Not measured!
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1. Motivations, context and definitions

What do we need to measure ?

Operation / machine protection
Global quantities: plasma current, loop voltage, plasma energy content,...
Magnetic configuration: Separatrix, triangularity, strike-point position,...
Hazards: runaway electrons, halo currents, locked modes, impurity bursts,...

Confined plasma
Thermodynamical quantities: electron, ion, impurity density & temperature, velocities
Radiation and impurities: total and detailed radiated power, effective charge,...
MagnetoHydroDynamics: sawtooth inversion radius, NTMs, fishbones,...
Turbulence: nature and spectrum, streamers, geodesic acoustic modes,...

Divertor and edge
Thermodynamical quantities (same + flows)
Radiation and impurities
ELMs: energy loss and distribution, frequency, time evolution

Plasma Facing Components
Thermodynamical quantities: heat and particle fluxes, surface temperature
Surface evolution: erosion zones and depths, redeposition zones and thicknesses

Many more physical quantities  many more diagnostics!
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Many more physical quantities  many more diagnostics!
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Experiment 
parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing

tokamak: JET
ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) map
 on axis: 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density
centre (1019 m-3): <1 5 20 30

Electron temperature
centre (keV) 0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement time 
(s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

2. Techniques and diagnostics

Orders of magnitude

Essential for 
operation
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Outline

1. Motivations and context
 What do we want to measure?

2. The essential diagnostics
 Current and voltage
 Density and temperature

3. Diagnostics for physics studies

4. Performance and other aspects of a diagnostic

5. ITER diagnostic integration

6. Summary and conclusions
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Current, voltage: induction



2. The essential diagnostics

Current, voltage: induction
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Vcoil = -
 f

 t

Faraday's law:

 f is the magnetic flux through the coil: f =   B . dS

 Integrating circuit to measure B:

B
q co

il, To
re

 S
u

p
ra

S = Coil effective area = N (nb of turns)  A (area of 1 turn)    
Baxis = Magnetic field component aligned with coil axis

 dtVcoil
1

Vmeas = = 
S Baxis (t) + C

 = integrator time constant ( = RC),   C = arbitrary constant (C = 0)

Pick-up coil Local measurement of B aligned with coil axis

50 mm

Vcoil = - S
 Baxis

 t
 Small coil   B uniform over coil: f  B . S  

Vcoil

Baxis
B

N
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 Ampere’s law:

 Flux along Rogowski: , with A = area of one turn
n = nb of turns / meter

B may be non-uniform

VRog = -
 f

 t

Faraday's law:



 With an integrating circuit:

Cint = arbitrary constant

Current I

Area of current
collection

114mm

R
o

go
w

ski JE
T

2. The essential diagnostics

Current, voltage: induction

A

 Replacing above: AnI0f 
t

I
AnVRog 


 0

int
001

CI
An

dt
t

IAn
dtVU RogRog 




  





Integrator time constant 

 

 

 

 

 

 
 

 

Rogowski coil  Current flowing through the area enclosed by the coil



2. The essential diagnostics

Current, voltage: induction
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 Pick-up coils to measure local B  Rogowski coil to measure plasma current

Two examples of coils in ITER



2. The essential diagnostics

By the way...
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WEST (France) JET (Royaume-Uni)
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Outline

1. Motivations and context
 What do we want to measure?

2. The essential diagnostics
 Current and voltage
 Density and temperature

3. Diagnostics for physics studies

4. Performance and other aspects of a diagnostic

5. ITER diagnostic integration

6. Summary and conclusions
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Wave (laser) 

Plasma 

Interferences   

 

air (reference) 

   maximise 
 Refraction 

  400-500 m (Far IR)

T. Donné et al. RSI 1995)

2. The essential diagnostics

Electron density: interferometry
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 Go through plasma in several regions

(C. Gil et al. FED 2007)

 « Invert » measurements

, ,

ou

In pratice: tomographic inversion

2. The essential diagnostics

Electron density: interferometry

 Measurements:

 Integration over ‘chord’
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(C. Gil et al. FED 2007)

The diagnostic itself (Tore Supra / WEST): two lasers, tens of mirrors, alignment

2. The essential diagnostics

Electron density: interferometry

Design carefully chosen  measurement possible in all plasma conditions!
 Diagnostic essential for plasma operation
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Outline
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 What do we want to measure?

2. The essential diagnostics
 Current and voltage
 Density and temperature

3. Diagnostics for physics studies

4. Performance and other aspects of a diagnostic

5. ITER diagnostic integration

6. Summary and conclusions



|  PAGE 20

2. Techniques and diagnostics

Electromagnetic emission for temperature meast

Pour les plasmas de fusion: des thermomètres?

Kadomtsev, 1968
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2. Techniques and diagnostics

Electromagnetic emission for temperature meast

-50°C  1500°C

1 eV  10 keV !!!

ت.د 274,66 = € 68,99 (TND)

?? €

Tokamak plasmas



Wavelength0

Scattered 
photons

Width   

 Plasma electrons are independent
 Incoherent scattering

 Wavelength of scattered photons close to laser wavelength

 Doppler width of spectrum  Te

 Number of scattered photons  ne
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2. Techniques and diagnostics

Electromagnetic emission: Thomson scattering

Laser beam
e-

e-

e-
e-

e-

Scattered 
photons

  0 + (v)

fraction 10-13!

Laser

(calcul)
raie diffusée

100 eV
10 eV

0  1 m 0  1 m
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2. Techniques and diagnostics

Electromagnetic emission: Thomson scattering

YAG laser (1064 nm):
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2. Techniques and diagnostics

Electromagnetic emission: Thomson scattering
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Outline
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 What do we want to measure?
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Experiment
Parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing
tokamak: JET

ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density: centre
(1019 m-3)

<1 5 20 30

Electron temperature: 
centre (keV)

0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge (eV) 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement 
time (s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

1 eV ↔ 12000 K
T0

Sun  1 keV

n0
Sun  1032 m-3

n0
Air  3 1025 m-3

1019 m-3



|  PAGE 27

 Electrode small compared with plasma dimensions
 Biassed with V(t)
 Information deduced from I = f(V): ion current,

electron temperature and density 
 Density range: 1018 - 1019 m-3

 Temperature range: 5 - 100 eV

 Fixed probes, embedded in plasma facing components
 Reciprocating probes for profile measurements:

- Several plunges during a discharge
- A few 10s ms in the plasma
- A few cm incursion into the plasma

 Many other types of such probes for Mach number, 
electron energy distribution, ion temperature, 
fluctuations, etc.

2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

< 5 cm

Langmuir probes
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2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

< 5 cm

Langmuir probe

Insulator

Surface exposed to plasma

A new diagnostic: the ITER-like WEST Langmuir probes
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2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

Side view of plasma facing component (divertor)

Cooling water pipe

Probes

Thickness reference sheets 
for accurate alignment

 Insulator and probe are fixed on plasma facing component

A new diagnostic: the ITER-like WEST Langmuir probes
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2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

Cooling water pipe

9 probes

 Several probes along heat flux pattern

Confined 
plasma

X point

A new diagnostic: the ITER-like WEST Langmuir probes
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2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

Plasma facing component

Position sensor
(few m accuracy)

 Very accurate positioning

A new diagnostic: the ITER-like WEST Langmuir probes
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2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

 Component assembling and probe cabling

Langmuir probes

Langmuir probe tips

A new diagnostic: the ITER-like WEST Langmuir probes
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2. Techniques and diagnostics

Current, voltage: charge flows in the plasma

 All probes mounted on divertor sectors

Divertor sector

A new diagnostic: the ITER-like WEST Langmuir probes
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Outline

1. Motivations, context, definitions
 What is a diagnostic?
 What physical quantities must be measured?

2. Examples of common techniques and diagnostics
 Current and voltage
 Electromagnetic emission

3. Performance and other aspects of a diagnostic

4. ITER diagnostic integration

5. Summary and conclusions
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2. Techniques and diagnostics

Electromagnetic emission: extensive  range

 specific techniques for every range

Typical wavelengths:

 Microwaves : ~ 100 GHz
 Infra-red : ~ 1 µm
 Visible : ~ 400-800 nm
 Ultra-violet : ~ 250-400 nm
 VUV : ~ 1-250 nm
 Soft-X : ~ 0.1-1 nm
 Hard X and  : > 100 keV

infra-red

Plasma radiates over an extensive wavelength range
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Experiment
Parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing
tokamak: JET

ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density: centre
(1019 m-3)

<1 5 20 30

Electron temperature: 
centre (keV)

0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement 
time (s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

1 keV ↔ 12 MK
T0

Sun  1 keV

2. Techniques and diagnostics

Electromagnetic emission for temperature meast
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2. Techniques and diagnostics

Electromagnetic emission: cyclotron radiation

 Electrons radiate at frequency : ce = eB(R)/ ħme

 Frequency ce is a function of position R

 IECE() ~ (8 3 c2)-1 2 Te

 Measurement at frequency  gives:
Te = (8 3 c2) IECE() / 2

 Frequency : few 10s GHz

 Several R  several detectors at different ce

 Frequency spacing determines radial sampling
(~ 2 cm (3% of a)

 Frequency width determines radial resolution (~ 2 
cm)

WEST tokamak
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2. Techniques and diagnostics

Electromagnetic emission: cyclotron radiation

Te profile measurement

 Usually low-field-side half of plasma 
(high field side: central solenoid)
 Time resolution: 1 ms  10 µs
 Suprathermal electrons prevent
measurement in plasma edge

Te fluctuation profile measurement

 Correlation between neighbouring
channels to reject noise
 Time resolution: ~ 1 µs

Courtesy D. Elbèze

C
ou

rtesy  J.L. S
égu

i

Ohmic

with lower hybrid 
frequency wave

with lower hybrid freq. wave + 
Electron cyclotron freq. wave

Plasma centre Plasma edge

0

2

4

6

Te (keV)
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G.S. Yun et al., 
PRL 107 (2011)

1 2 3100 s 200 s0 s

Initial growth to saturation

Shot=4431ECEI (V)

1 2
3

Time (ms)

crash phase
4 855 s

4

Time evolution of a single ELM in KSTAR

2. Techniques and diagnostics

Electromagnetic emission: cyclotron radiation

Courtesy H. Park
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Experiment
Parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing
tokamak: JET

ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density: centre
(1019 m-3)

<1 5 20 30

Electron temperature: 
centre (keV)

0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement 
time (s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

n0
Sun  1032 m-3

n0
Air  3 1025 m-3

2. Techniques and diagnostics

Electromagnetic emission for density meast
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2. Techniques and diagnostics

Electromagnetic emission: reflectometry

Phase shift of reflected signal:

Measurement of j(f) (or time delay) gives the position Rc(f) of reflecting layer

 ne(R) reconstructed from sweeping of f

 ne inferred from j fluctuations at fixed f

40-110 GHz

a0 cos(2ft)

a0 cos(2ft+j)

s = a0 cos(j)
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2. Techniques and diagnostics

Electromagnetic emission: reflectometry

Tomographic reconstruction

 If change rate < acquisition 
frequency

Measured profiles in Tore Supra

 X mode provides profiles from low
to high field side
 Good spatial resolution ~ 1 mm
 Time resolution down to 2 µs

Plasma cross section
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Experiment
Parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing
tokamak: JET

ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density: centre
(1019 m-3)

<1 5 20 30

Electron temperature: 
centre (keV)

0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement 
time (s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

2. Techniques and diagnostics

Electromagnetic emission for impurities
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Experiment
Parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing
tokamak: JET

ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density: centre
(1019 m-3)

<1 5 20 30

Electron temperature: 
centre (keV)

0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement 
time (s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

2. Techniques and diagnostics

Electromagnetic emission for impurities

Effects of impurities:
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Spontaneous emission of 
photons by atoms & ions due to 
de-excitation of excited ions

XZ+*  XZ+ + h

 Emission by all ions except
bare nuclei 

2. Techniques and diagnostics

Electromagnetic emission for impurities

Characteristics and measurement

 Photons emitted at discrete
energies (wavelengths) 
 Range from infra-red to soft-X ray
 Te increases  wavelength of 
intense lines decreases

, r

Soft X   near UV - Vis.- IR

 (XUV) VUV 

2000-4000 Ǻ
4000-10000 Ǻ

10-2000 Ǻ

1-10 Ǻ

Ions have discrete E values

continuumE

h

h'

e-

e-

 Loose relation between region to be 
measured and detected wavelength range



Photons of different wavelengths can be separated in a spectrometer 
with a grating

 Transmission grating (slits), reflection gratings (echelette) : n grooves
per unit length (a few 100s to 1000s /mm), a = 1/n = grating period
 Grating equation :
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2. Techniques and diagnostics

Electromagnetic emission: spectroscopy

diffraction order

Wavelength  diffracted in direction i’ such that :

knii  'sinsin Ζk

i
i’



+
Parallel light beam incident 

with angle i

a=1/n

k>0
k<0

k=0



Spectre SIR

Wavelength (Å)

N2+, 3+, 5+
N?

N?

Injection N2

Later...
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Detection in the visible
 Light can be carried out of the torus 
hall with optical fibers
 Detection of visible photons by CCD

Detection in the Vacuum UV

 VUV light cannot be carried out of the 
torus hall (absorption)
 VUV photons converted into electrons 
by multichannel plates
 Electrons converted to vis. photons
 Photons detected by CCD

2. Techniques and diagnostics

Electromagnetic emission: spectroscopy

Diffracted light e-

phosphor screen

visible 
photons

Imaging fibre bundle

CCDµchannel plate
(High voltage supply)

Vacuum PAtm.

Plasma
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2. Techniques and diagnostics

Electromagnetic emission: spectroscopy

48

• VUV Edge Imaging spectrometer (17 nm - 32 nm)

 2 cm spatial resolution at rho/R =0.85 – 1.03

 1-dimension spatial monitoring

• VUV Core Survey spectrometer (2.4 nm - 160 nm)

 5-channel spectrometers divided in wavelength

• Divertor VUV spectrometer (15 nm - 32 nm)

 Tungsten influx monitoring at divertor

Design of 2011

Courtesy C.R. Seon, NFRI-KODA

 Example: the ITER VUV spectrometers

C VI (3.37 nm)

 Prototype of imaging spectrometer on KSTAR

Line of sight

Wavelength (nm)

Height in plasma



Bremsstrahlung :
 e- + XZ+  e- + XZ+ + h
 Electrons are accelerated, hence they radiate
 Continuum

 Choose wavelength range free of spectral lines

Exercise: let us design a 
bremsstrahlung diagnostic



e-

i+
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    𝒆𝒇𝒇

2. Techniques and diagnostics

Electromagnetic emission: Bremsstrahlung

Measured 
plasma 

spectrum

Wavelength

Chosen 
filter 

Light intensity
Effective charge of plasma

(impurity species and 
density)
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Experiment
Parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing
tokamak: JET

ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density: centre
(1019 m-3)

<1 5 20 30

Electron temperature: 
centre (keV)

0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement 
time (s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

2. Techniques and diagnostics

Electromagnetic emission for surface temperature
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Experiment
Parameter

Small
tokamak 
(GOLEM)

Midsize
tokamak 
(WEST)

Largest
existing
tokamak: JET

ITER

Major, minor radius (m) 0.4, 0.1 2.3, 0.7 3, 1 6, 2

Plasma current (MA) 810-3 1 5 17.5

Magnetic field (T) 0.5 3.7 3.4 5.5

Auxiliary power (MW) 0 15 30 50

Electron density: centre
(1019 m-3)

<1 5 20 30

Electron temperature: 
centre (keV)

0.08 6 15 40

Electron density: edge 0-0.01 0-0.1 0-1 0-5

Electron temp.: edge 0-1 0-50 0-200 0-500

Ion temperature: centre 
(keV)

? 4 15-30 40

Energy confinement 
time (s)

? 0.1 1 5

Fusion power (MW) 0  0 (DD) 16 (DT 1997) > 1000

2. Techniques and diagnostics

Electromagnetic emission for surface temperature

Walls cooled down to 70-200°C
1200°C: W re-crystallisation
3400°C: W melting
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2. Techniques and diagnostics

Electromagnetic emission: infrared thermography

-50°C  1500°C

ت.د 274,66 = € 68,99 (TND)

Amazon
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2. Techniques and diagnostics

Electromagnetic emission: infrared thermography

Surfaces are heated by heat fluxes and 
particle fluxes from plasma
 Monitoring is needed to avoid

Tsurface > Tmelting (W: 3400°C)
 Blackbody (Planck) radiation
 Radiation intensity allows to deduce 
surface temperature
 IR chosen because strong signal and 
no spectral lines

Courtesy Y. Corre
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2. Techniques and diagnostics

Electromagnetic emission: infrared thermography

#67885, t=48.72s #69090, t=48.05s

Temperature of plasma-facing components on JET Courtesy Y. Corre
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Outline

1. Motivations and context
 What is a diagnostic?
 What physical quantities must be measured?

2. The most common techniques and diagnostics
 Current and voltage
 Electromagnetic emission

3. Performances and other aspects of a diagnostic

4. ITER diagnostic integration

5. Summary and conclusions



3. Performance and other aspects

Tokamaks grow in size and complexity
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GOLEM (Prague, Czech Republic), world's oldest tokamak, is operated with 
< 10 diagnostics: plasma current, loop voltage, pressure...
About 40 diagnostics on today's tokamaks: JET, ASDEX-Upgrade, EAST, ...
More than 50 types of measurements needed in ITER
Harsher environment

1963 (TM1)
GOLEM

1986           2016
Tore Supra  WEST

2025
ITER

Time

Plasma duration
Heat, particle loads

Neutron flux
...



3. Performance and other aspects

Physics studies more and more detailed 
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Physics: from a global approach to detailed understanding
Example: sawteeth

Modelling
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Today
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Physical quantity to be measured

Space and time performance

Accuracy

Principle of measurement

Calibration

Measurement processing

Technical setup (incl. electronics, data 
acquisition)

Mechanics and integration

Operation

Maintenance, upgrades, etc.

3. Performance and other aspects

Diagnostics have several aspects

Physicists using the data

Physical quantity to be measured

Space and time performance

Accuracy

Principle of measurement

Calibration

Measurement processing

Physicists in charge

Physicists operating a tokamak
Physical quantity to be measured
Availability ('real time')
Reliability
Unambiguous
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Physical quantity to be measured

Space and time performance

Accuracy

Principle of measurement

Calibration

Measurement processing

Technical setup (incl. electronics, data 
acquisition)

Mechanics and integration

Operation

Maintenance, upgrades

3. Performance and other aspects

Diagnostics have several aspects

Physicists using the data

Physical quantity to be measured

Space and time performance

Accuracy

Principle of measurement

Calibration

Measurement processing

Physicists in charge

Physicists operating a tokamak
Physical quantity to be measured
Availability ('real time')
Reliability
Unambiguous



Te

eV

Expected range 
for Te profile

3. Performance and other aspects

Sampling and resolution
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Redundant
r

resol. = sampling
r

Highly resolved
r

Thomson scattering?

ECE heterodyne radiometer

He jet spectroscopy

r/a r/a

Sampling: distance between neighbouring lines of sight or measurement 
points 
Resolution: width, opening angle of line of sight, radial extent of a ‘meast point'
Usually resolution better than sampling

Example: Plan for WEST tokamak (started end 2016)



3. Performance and other aspects

Local and integrated measurements
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Local measurement, integrated measurement

 From integrated measurements to local quantities:
- Abel inversion
- Tomographic reconstruction (many methods)

→ Example: Soft-X ray measurements
Reflectometry

 Local: the signal collected by 
the diagnostic comes from a 
definite point

 Integrated: the signal collected 
is the sum of all the signal 
emitted along the line of sight

Local
Integrated

Ex: Te from electron 
cyclotron emission 
(ECE)

Ex: Spectroscopy, 
soft-X ray,...



3. Performance and other aspects

A tokamak is not a free access facility 
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In the vessel: chemical hazards: C, B, Be dust or nanoparticles
In the torus hall: 

 During a day of operation:
- High magnetic field
- Electrical hazards (12 V - 45 kV)

 During plasma (vocab: discharge, shot, pulse):
- X and  ray emission
- Fusion neutrons (even in D plasmas!)

Cables
Optical fibers

Photons



3. Performance and other aspects

Detection and acquisition chain
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Sensors: 
- light sensitive detector (photodiode, CCD camera), 
- ammeter (current measurement), 
- voltmeter (voltage measurement)
- …

Amplifiers, analog-to-digital converter (ADC)

Counting device (printed circuit boards)

Recording device (pcb)

Triggering (internal and in communication with global control)
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3. Performance and other aspects

Mechanics and integration

Use of space must be optimised
 Outside the vessel, material parts of diagnostics must be 
compatible

WESTVUV spectrometer

ECE

Bolometry

Plasma

Port flange

Soft-X ray 'camera'
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3. Performance and other aspects

Mechanics and integration

Use of space must be optimised
 Outside the vessel, material parts of diagnostics must be 
compatible
 In the vessel, the lines of sight must not be vignetted

WEST project
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Outline

1. Motivations and context
 What is a diagnostic?
 What physical quantities must be measured?

2. The most common techniques and diagnostics
 Current and voltage
 Electromagnetic emission

3. Performance and other aspects of a diagnostic

4. ITER diagnostic integration

5. Summary and conclusions
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4. ITER diagnostic integration

Ports

Port: extension of the vacuum vessel used for access (diagnostics, heating 
systems,...)



4. ITER diagnostic integration

Diagnostic location
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5. Summary, conclusion
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Diagnostics give access to reality

Many diagnostics (more than 40) are usually necessary for a good diagnosis 
of the tokamak experiments

Diagnostics must be (and are) more and more complex and performant

Every diagnostic requires a specific expertise

Measurement processing always needed, various levels of complexity

Experiment analysis always requires to aggregate measurements from 
several diagnostics

ITER is a big leap forward due to the size, the required performance and a 
harsh environment (neutrons) scarcely seen with present-day tokamaks

ITER and other future tokamaks will be operated by today's students!
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Langmuir probes

For V < Vp (plasma potential) 
For V ≥ Vp

I

V

Iis

Ies

Vp

Vf

Current, voltage: charge flows in the plasma

For V ≥ Vf :

 Te deduced from slope 

(assuming Maxwellian velocity 
distribution <ve> = [8/ kTe / me]1/2)

 ne deduced from Te and Ies
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Electromagnetic emission: cyclotron radiation

Cyclotron radiation

 Electrons are accelerated, hence they
radiate
 At a given R: ħ = eB(R)/m  Photon 
frequency related to position in plasma
 Blackbody spectrum  intensity function
of temperature
 Continuum

Measurement

 IECE() ~ (8 3 c2)-1 2 Te 
Intensity measurement at given
frequency gives corresponding Te
  = eB/me  knowing B(R), one 
can deduce radius corresponding to 
each 
 One   one detector
 Frequency range must be adapted 
to B range  few 10s GHz
 Frequency spacing determines 
radial sampling ~ 2 cm (3% of a)
 Frequency width determines radial 
resolution  ~ 2 cm
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ECE measurement is an established technique for electron 
temperature measurement in high temperature plasmas
Sensitive 1-D array detector, imaging optics, and wide-band mm 
wave antenna, and IF electronics are required for 2-D imaging 
system
Te fluctuation measurement

Real time fluctuations can be studied down to ~2% level (lower w/ SVD, etc……)
Fluctuation studies down to 0.1 % level have been performed using long time integration

Conventional 1-D ECE system 2-D ECE imaging system

Electromagnetic emission: cyclotron radiation

Courtesy H. Park


