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1) Overview of fusion research and diagnostics
2) ITER diagnostics

3) Infra-red Thermography of walls and targets.

4) Bolometry Radiated power IR —> hard x-ray.

5) Visible Imaging for protection and control. Many techniques simpler in visble.
6) VUV Characteristic of cooler edge plasma.

7) X-ray Hot core plasma. Direct imaging and crystal spectroscopy.

8) Gamma-ray Spectroscopy of nuclear reactions.



EFD ﬁ EUROPEAN FUSION DEVELOPMENT AGREEMENT

The European Fusion Development Agreement (EFDA) was established in
1999 as a framework contract between EURATOM and its partners in the
field of controlled fusion

EFDA incorporates the following three interrelated activities:

- Technology activities carried out by the Associations and by European
industry.

- The collective use of the facilities for the period beyond 1999

- The European contributions to international collaborations such as

The Agreement is part of a Long-Term Programme of co-operation covering all the activities in the
field of fusion research by magnetic confinement in the European Union and in the Swiss
Confederation. Recently, some Eastern European countries (i.e. the Czech Republic, Hungary,
Latvia and Romania), which aspire to European Union membership, have also joined the
programme.
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On 28%" June the ITER Parties announced in Moscow their
agreement to site ITER in Cadarache, France.

Europe: 50% (of which France 10%).
Japan: 10% of costs. 20% of contracts. EU support for Director General.

China, Korea (south), Russia, USA: 10%.
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Thermonuclear fusion reactions
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The Tokamak principle

- Closed magnetic field minimizes particle losses

- Combined toroidal and poloidal fields produce helical field,
that stabilizes +ve/-ve charged particle drifts.

- Plasma current induced by inner poloidal coils.
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The JET Torus Hall (www.jet.efda.org)
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Inside JET without and with plasma

==y,

-i::;ll'
LB
| X
Ex
Bk
r

4

1963

Core radiation mostly x-rays
On JET 0.5 <Prad <5 MW

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.



Ohmic

Neutral beam
+ve ion
-ve ion

lon cyclotron

Lower hybrid

Electron cyclotron

Alpha particles

Inductive

~ 100 keV
~1 MeV
~ 40 MHz
~1GHz
~ 100 GHz

2.5 MeV

Plasma heating

~ 1MW

~ 25 MW JET
~50 MW ITER
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Ineffective at high Te
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Greater penetration
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The Lawson criterion for particle and energy confinement
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Sometimes also transformed into:

nXxtXT >1022 (m3s keV)

(taking into account temperature
dependence near minimum)
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Fusion power (MW)

D-T fusion achievements to date
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JET has unique D-T capability

- Tritium handling plant

- Remote handling

- Shielded torus hall

- DT compatible diagnostics

- Neutral beam upgrade to ~ 40 MW

- Proposed to run until ITER operational

For a JET D-T plasma,

with 20 MW input into the plasma

total output : max 16 MW
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Scaling to ITER from previous experiments

Physics performance can be extrapolated better than factor 2.
Technological developments ongoing for:
- First wall: blanket and divertor modules, diagnostic mirrors.

- Material properties under heavy neutron irradiation.
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Characteristics of the bulk plasma radiation
Main plasma (JET)
Fuel ions D-D or D-T are diluted by impurities. Eg 2%C, 0.1% O, 001% Ni.
Density ~102° /m3 , Te ~ 10 keV, Ti ~ 20 keV.
Optically thick below A ~1mm:
Emits and absorbs RF and microwave.
Optically thin above A ~ 1mm.
Emits quasi-blackbody Bremsstrahlung spectrum peaked at few keV.
Many discrete spectral lines from fuel and impurity neutrals and ions.

Neutron and gamma emission from fusion reactions.

Active diagnostics

1 MW, 1 GHz gryrotron Collective Thomson scatt. lon dynamics

mm-wave ~ 100 GHz Reflectometry Plasma position

FIR DCN laser 0.2 mm Interferometer Density profile

Ruby laser LIDAR Thomson Scattering Electron density and temp.
Neutral beam 100 keV Charge exchange spectr. lon temp, impurity density
Lithium beam ~ 20 keV Spectroscopy Edge Te, Ne

Heavy ion beam Vis spect, Mass spect E-fields

Laser ablation Impurity injection Impurity transport
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Passive Diagnostics

Radiation imaging possible in blue

Magnetics
RF ~ 30MHz
mm-wave

IR

Visible
VUV/XUV

Soft x-ray camera

Soft x-ray survey
High res. X-ray
Hard x-ray

y-ray

C-X neutrals
lons, electrons
Wide band
Neutrons

Pick-up coils
RF antennae
Waveguide
Camera

Filters, Gratings
Grating + MCP
Diode array
Crystals + GPC
Crystal + MWPC
Scintillators
Scintillators
Mass-spec
Langmuir probe
Bolometry

B-fields, position, current, stored energy
lon cyclotron emission

Electron cyclotron emission - Te profile
Tile thermography

Edge impurity spectroscopy, vis. Brems Zeff
Impurity spectroscopy, machine protection
Broadband tomography

Impurity spectroscopy, machine protection
Doppler spectroscopy of Ti, bulk motion
Supra-thermal electrons

Fusion products

lon dynamics

Edge Te, Ne

Total radiated power

Imaging, counting, spectroscopy, activation
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AIR/IP

Fractional abundance

Impurities exist in a wide range of ionization stages,
dominated by the electron temperature profile
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JET diagnostics
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ITER (www.iter.org)
- Superconducting Tokamak
- Single-null divertor
- Elongated, triangular plasma

- Additional heating mainly from
negative-ion neutral-beams

R (m) 6.2

a (m) 2

V, (md) 850

I, (MA) 15(17)

B, (T) 5.3
5. 1.85,0.5

= Paux (MW) | 40-90
s I —— Po(MW) | 80+
— Q (P /P;) 10

Prad (MW) 48
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ITER cross-section
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ITER Construction Schedule

Construction

COMMISSIONING

REGULATORY Agreement ILE CONSTRUCTION
APPROVAL Initialled Established ;ICENSE
0 12 24 36 48 60 72 84 96 1
Months g v v v v v v v v oy
CONSTRUCTION EXCAVATE HVAC ready
a v
Purchase Order TOKAMAK BUILDING
B SITE FABRICATION BUILDING
a
presite I O THER BLDGS.
fabrication
bldg. Place first Complete Complete Blanket
TF/VV in pit VVtorus /Divertor Installation
v v v
TOKAMAK ASSEMBL"
an a
Install cryostat Place Install
bottom lid lower CSs
PFC
STARTUP & SYSTEM STARTUP & TESTINI

INTEGRATED COMMISSIONIN

Complete leak Magnet
& presuretest  exditation

1st PLASMA
PROCUREMENT PEC fab. start Last PFC complete
v A4
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a a a a a
First purchase TFC fab. CS fab. Last TFC CS fab.
order start start complete complete \VESSEL ,
L ~ . Bl BLANKET
First purchase First VV Last VV Last blanket & DIVERTOR
order sector sector and divertor
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ITER Operation Schedule
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ITER Diagnostic System

Magnetic Diagnostics

Spectroscopic and NPA Systems

Vessel Magnetics

CXRS Active Spectr. (based on DNB)

In-Vessel Magnetics

H Alpha Spectroscopy

Divertor Coils

VUV Impurity Monitoring (Main Plasma)

Continuous Rogowski Coils

Visible & UV Impurity Monitoring (Div)

Diamagnetic Loop

X-Ray Crystal Spectrometers

Halo Current Sensors

Visible Continuum Array

Neutron Diagnostics

Soft X-Ray Array

Radial Neutron Camera

Neutral Particle Analysers

Vertical Neutron Camera

Laser Induced Fluorescence (N/C)

Microfission Chambers (In-Vessel) (N/C)

MSE based on heating beam

Neutron Flux Monitors (Ex-Vessel)

Microwave Diagnostics

Gamma-Ray Spectrometers

ECE Diagnostics for Main Plasma

Neutron Activation System

Reflectometers for Main Plasma

Lost Alpha Detectors (N/C)

Reflectometers for Plasma Position

Knock-on Tail Neutron Spectrom. (N/C)

Reflectometers for Divertor Plasma

Optical/IR Systems

Fast Wave Reflectometry (N/C)

Thomson Scattering (Core)

Plasma-Facing Components and
Operational Diagnostics

Thomson Scattering (Edge)

IR Cameras, visible/IR TV

Thomson Scattering (X-Point)

Thermocouples

Thomson Scattering (Divertor)

Pressure Gauges

Toroidal Interferom./Polarimetric System

Residual Gas Analyzers

Polarimetric System (Pol. Field Meas)

IR Thermography Divertor

Collective Scattering System

Langmuir Probes

Bolometric System

Diagnostic Neutral Beam

Bolometric Array For Main Plasma

Bolometric Array For Divertor

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.

Measurements for:
Machine protection
Plasma control
Physics studies

~45 parameters in total
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ITER diagnostics are port-based where possible

Each diagnostic port-plug contains an integrated instrumentation package

X-Ray Survey

Edge Thomson
Scattering

Imaging VUV
Spectroscopy

X-Ray Crystal Motional Stark

Spectroscopy 1 - . = f . . Mo
I L e = I i Effect

| E = 4 :
' G

Divertor VUV 3 s 4 i ) Rk Toroidal

Spectroscopy 5N i . ¥ P bl - \ . = Interferometer

X g : = 3 ¥ . ~ Electron Cyclotron
X-ray Survey b W R ] \ A < 7 e Emmission

Wide-angle
Viewing/IR

Lost Alphas
Core VUV

Monitor
Neutron Flux

Magnetic Diagnostic Coils Divertor Thomson
) Scattering

Micro Fission Chambers
X-point LIDAR

Divertor
Reflectometry
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Upper & equatorial port allocations

G 55 GR 174 04-06-25 W 0.1
01 FO3 Position Reflectometry (1 of 2) 09 EO05 X-ray Crystal S pectr (imaging)

E 04 Divertor Impurity Monitor F09 Main Reflectometry (2 of 3)
B08 Activation System (16N, 1 of 2)
10 C06 Polarimeter

02 G10 Vis. /IR TV (1 of 6)

E02 Ha spectroscopy (divertor outer) 11 G10 Vis. /IR TV (4 of 6)

E02 Ha spectroscopy (outer edge) C02 Edge Thomson Scattering

B08 Activation System (foil, 2 of 2)

03 E01 CXRS (onthe DNB, core)

B02 Vertical Neutron Camera (1 of 3) 12 (EC), CO7 CTS

05 G10 Vis. /IR TV (2 of 6) 14 G10 Vis. /IR TV (5 of 6)
B08 Activation System (16N, 2 of 2) E05 X-ray Crystal S pectrometry
B02 Vertical Neutron Camera (2 of 3) (survey)
F03 Position Reflectometry
06 EO03 VUV grazing image (x 2) (2 of 2)
B08 Activation System (foil, 1 of 2)
17 G10 Vis. /IR TV (6 of 6)
07 E02 Ha spectroscopy (inner edge) F02 Main R eflectometry (3 of 3)
E02 Ha spectroscopy (upper edge) E05 X-ray Crystal S pectrometry
B02 Vertical Neutron Camera (3 of 3) (graphite)
DO1 Bolometry,
08 G10 Vis. /IR TV (3 of 6) EO7 Soft X-ray Array
UPPER PORT F09 Main R eflectometry (1 of 3)
D01 Bolometry
G 55 GR 174 04-06-25 W 0.1
01 GO1 Vis. /IR TV (1 of 4)
. . BO1 Radial Neutron Camera 10 CO1 Thomson S cattering main plasma)
ystem migration .
for 5 cenario 1 NORTH D01 Bolometry, C06 Polarimeter
E11 MSE (core, HB4) C08Thomson S cattering (inner divertor)
E 04 Divertor Impurity Monitor
B07 Gamma Ray S pectroscopy 11 E05 X-ray Crystal Spect (survey)
B11 High Resolution Neutron S pectr E03 VUV (main and divertor)
F02 Reflectometry (main plasma)
03 GO1 Vis. /IR TV (2 of 4) E08 NPA
E12 CXRS (on the DNB)
E11 MSE (edge, HB5) 12 GO1 Vis. /IR TV (4 of 4)
E02 Ha S pectroscopy (divertor inner) E 02 Ha Spect (upper edge)
E 06 Visible Continuum Array
07 B08 Activation System (16N, 1 of 2) C07 CTS
B08 Activation System (foil, 1 of 2)
B04 Neutron Flux Monitor (DD) 17 B04 Neutron Flux Menitor (DT)
B08 Activation System (16N, 1 of 2)
08 B04 Neutron Flux Monitor (DT) B 08 Activation System (foil, 2 of 2)

09 GO1 Vis. /IR TV (3 of 4)
C05 Toroidal Interferometer/P olarimeter

EQUATORIAL PORT ES]S é(—CRanCrystalSpect(lmaglng)
FO7 Fast Wave Reflectometry

E07 Soft X-ray Array

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.




Divertor port allocations

G 55 GR 174 04-06-25 W 0.1

NORTH

DIVERTOR

Optical access (c: centre, g: gap)
& Cassette Instrumentation (i)

Cassette Instrumentation(i)

02 E04 Divertor Impurity Monitor
(Visible, gcg)
GO07 Langmuir Probes (i)
A03 Magnetics (i)
GO02 Thermocouples (i)

04 G09 Dust measurement (c)
A03 Magnetics (i)
GO03 Pressure Gauges (i)
GO04 Pressure Gauge(d), RGA (d)

06 B08 Activation System (foil, 1/3)
GO04 Pressure Gauge (d), RGA (d)

08 F10 R eflectometry/Interferometry (gg)
E10 LIF (c)
A03 Magnetics(i)
D01 Bolometry(i),
GO3 Pressure Gauges(i)

P umping Duct Instrumentation(d)

suitable location for BO2 VV Vertical Neutron Camera

10 C03 X-point Thomson Scattering (c)

D04 Divertor Thomson S cattering
(outer leg,q)

E02 Ha Spectroscopy (g)

G07 Langmuir Probes (i)

A03 Magnetics (i)

D01 Bolometry (i),

GO03 Pressure Gauges (i)

12 B08 Activation System (foil, 2/3)
GO04 Pressure Gauge (d), RGA (d)

14 F04 R eflectometry/Interferometry (gqg)
GO08 Plate Erosion (c)
G 07 Langmuir P robes (i)
A03 Magnetics (i)
G02 Thermocouples (i)

16 E 04 Divertor Impurity Monitor (VUV, gg)
G06 IR thermography (c)
A03 Magnetics (i)
D01 Bolometry (i),
GO03 Pressure Gauges (i)

18 B08 Activation System (foil, 3/3)
G04 Pressure Gauge (d), RGA (d)

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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ITER Equatorial port #11 Eq 11
E05 X-Ray Crystal Spectrometry (Survey)
E03 VUV Spectroscopy (main )
E04 VUV Spectroscopy ( divertor)
F02 Refl, Doppler Reflectometry
EO8 Neutral Particle analyser (NPA)

Neutral Particle Analyser

Main Plasma Reflectometry

 —
S

R

7]

Doppler Reflectometry
X-Ray Crystal Survey Spectrometer E\\\

ES(—Ra v Crystal VUV Spectrometer

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 27



Eq#ll

Diagnostic Modules

Waveguides suggest possibly
longitudinal segmentation

Port Plug Flange
Vacuum extensions
Waveguide windows
Shielded interspace structure

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Bio-shield penetration

VV movement relative to building
Port Cell layout

Removable equipment

Extended vacuum boundary
Pumping

Pressure boundary

Wall penetration

Eq#11l

Reflectometry
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Exploded view of ITER equatorial port #1

Lead diagnostic is the radial neutron camera
Port Plug (green) Interfaces with Eq#o 1

« Diagnostic Components
(coloured)

 Other ITER (grey)
« Standard Port Plug Structure
«  With Common cut-outs

7L 0

b

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Neutronic analysis of core CXRS optics on ITER upper port #3
G.E.Shatalov, S.V.Sheludiakov, Kurchatov Inst. Moscow

"~ DIAGNOSTIC
UPPER PORT
PLUG #3

Front Back
Pipe Shielding

The neutron environment ranges from mild

behind the port-plug to severe at the blanket.

StSt:H,0 80:20,
Allowable activation
at Flange
behind BioSh

<100 uSv/hr
<10 uSv/hr

Normalized to 500 MW fusion power
Neutron flux at flange ~ 1. 10’ n/cm? s-!
This is less than inside JET torus hall.

Equivalent to
local dose <5 uSv/h (10 days after s/d)

Total nuclear heating power to:

BSM 420 kW
A 58 kW
B 0.43 kW
C ow
Addition power deposition in TFC ~10W
M1 Heating ~2W/cc

Total Neutron flux ~6.1013 n/cm?2 s

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Infra-red thermography of walls and divertor targets

KL7 - Wide angle Infrared View (IRV)

Detector's edgpg hent
by distorsion

Tube's wall truncatio

~- edge of

New wide-angle IR camera for JET

- 70¢° field of view covers full poloidal
X-section

-Spatial resolution 10-20 mm

-Time resolution 10 ms, 640 x 512, 100
us with 128x8 window

-Temperature range 200 - 2300° C

ple"

rtector edge

the Head's mirror

truncat

pd by the tube wa

“— Detector edge

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble,

5th July 2005.

32



New wide-angle IR camera for JET E Gauthier (CEA), P Andrew (UKAEA)

R

Visible view B

Parabolic
mirror

S O ti c de SE n: Sapphire window holding
p g_ the secondary mirror
: gapphire vacuum windo
‘ Axis of the aspheric mirrar

—_— Field group
Tha hole in the mirmor \

is to b2 minimizad

Primary mirror
Wisible rays

) . Telecentrc interface imag
Mirror for visible way plane (close o the lens face)

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 33



JET Bolometer camera
K McKormick (IPP,Garching), A Huber (FZK)

 Bolometers measure plasma radiation profile and total radiated power Prad.

e |deally 100% absorption from IR to 100keV.

» Essential for machine protection and power balance (Prad ~ 0.2 . Pin).

* Present technique: Resistance thermometers Au or Pt meander on Mica foil.
» 4 foils per channel in bridge to cancel neutrons etc. and eddy currents.

* Requires many in-vessel cables.

* Gold not useable on ITER : transmutes to Hg.

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 34



Imaging Bolometer on JT-60U (JAERI, Naka, Japan)
B.J. Peterson, et al., 30t EPS, ECA 27A P-4.067

Features: Design:
* Pin-hole image of plasma onto gold foil « IR camera: Indigo/Omega 85 mK, 30 Hz,

» Foil re-radiates in infra-red 160 x 128 pixels, 14 bit

« Remote IR camera measures heat pattern » Foil: Au, 0.0025 x 70 x 90 mm, E < 8 keV

» Solve thermal transport in foil to recover image « Bolometer: 32'ms, 12(tor) x 16 (pol) = 192 ch

_ NEPD = 300 mW/cm?2, S/N <60
Cross-section of JT-60U

Imaging Bolometer

Design for JT-60U

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 3



down - pixel # - up

down - pixel # - up

IRVB Data Analysis e

NIFS
B.J. Peterson et al., IEEE Trans. Plasma Sci. 30 (2002) 52-53.
IR Camera data o
120 x 160 pixels Radiation
(10 x 14 pixels, mW/cm?)
(@) AT(x,y,t-At) (K) (0)A T(x,y,t-At) (K) (e) Laplacian term + (g) Black Body term
10
100
80 05
60
0.0
40
20 05
0
At (d) AT(xy.1) (K) dT/dtterm = (h) Plasma Radiation
10 il
100 -
8 3
80
60 6 2
40 4 .
20
0 ABa. 0
0 50 100 150 0 2 4 6 8 10 12 14 28U RER DR A28 o R

outboard - pixel # - inboard outboard - pixel # - inboard outboard - pixcl# - inboard  outboard - pixcl# - inboard

04.08.20 ‘Imaging Bolometer R&D for a Fusion Tokamak’ B.J. Peterson, N. Ashikawa, NIFS; S. Konoshima, Y. Miura, JAERI 66



First Images from an Imaging Bolometer on a Tokamak

Sequential images of IR radiation from foil during disruption of Ohmic plasma

TV view of IRVB FOV
= - Port tube wall

5
E
g
2
C(l)

10
=
=

E
o

w

in JT-60

U

Top edge
of plasma

o —— e iy

A\

_-'l‘—\ T

5

JT-60U # 43952 |

!
|
I
|

|

0 5 10

L |

15 t(s)

0
Radiation imaging for magnetic confinement fusion. R Ba[:r)ns

Top of
divertor
baffle

Current Situation:
» Trouble getting digital data through Firewire link with long cables
| » Operation during Ohmic phase or in H plasma is usually ok
« Camera signal is lost after turn on of high powered NBI
» due to EM noise?, Neutrons?, X-rays, gammas?

* We will improve shielding: soft iron 6 mm -> 12 mm
Lxelthcylene 3

UNRENE s M oz 7 cm, add 1 cm lead

le, 5th July 2005, 37



Charge-exchange recombination spectroscopy gives local measurement

Based on charge exchange between heating neutral beam and fully stripped impurity ions.
eg D+C6* > D*+C* > C5 + hv

Line width > lontemp. Line shift > plasma motions.  Intensity > impurity concentrations

15 DO+C6* -> D* + C5+ (n =8->n= 7)

10
o
mm

£
uy
o

B

5_

L |
50 100 150
E(keV/amu)

N

8 JG04.54-11a

Peak CX cross-section is around 60 keV — typical

of heating beams on current machines.

ITER has 1 MeV heating beams, and requires a

diagnostic neutral beam for CXRS

Radiance (10'! photons/s/sricm /A)

Pulse No: 30260, t = 11.75s

Y]

—
I

fat
T

) S
4 A A
4 VAN |

| , |
5270 5280 5290 5300 5310 5320 5330
Wavelength (A)

Above: Measured spectrum, Fitted spectrum

JG04.54-17d

Below: C>* CX from Deuterium heating beam.
Electron impact excitation of C°* in edge plasma.
C>* CX from edge neutrals.

Background lines Be* 5271 & C2* 5305

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 38



Charge-exchange recombination spectroscopy (CXRS) at JET

K-D Zastrow, A Meigs, C Negus,C Giroud, M Stamp (UKAEA), D Hillis (ORNL), R Bell and D Johnson (PPPL)

& / Carbon and Neon

~

S

Single fibre link

Linear
— array
A cameras

Beam 2

splitter %ﬁ‘

Helium and

Mirror Beryllium
or Nitrogen

S Deuterium
Mirror

Helium and

Beryllium

or Nitrogen
Carbon

(m § [ R and Neon
Heated multiple é

—

fibre links Biological

shield
CCD Cameras

» Periscopes image the neutral beam onto the spectrometer slits via fibre bundles

» Each fibre produces a separate spectrum “track” on a visible CCD camera

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Example of the use of Charge Exchange measurements on JET

Internal transport barrier #51976
0] R B B A B 307
i v i
o5 [ time 46.68 ] __ 25} time 46.68 ]
1 time 45.73 = I time 45.73
> L X L
) L ~ L
< 20t . © 20+ .
) I 3 I
S5 g
5 15) . 3 15} ]
s 1o ,
a i O I
4% 10 : S 10 [ :
I O I
[ -+ o
© I O i
, RO
5F . W5y .
, g :
Oi\ 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 | 1 ‘ 1 1 1 Oi\ 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 | |
28 30 32 34 36 38 40 28 30 32 34 36 38 40

major radius R (m)

major radius R (m)

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Example of lon temperature and toroidal velocity measurement by CXRS

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.

0.0 0.2 0.4 0.6 0.8 1.0 00 02 _ o0& _ 06 _ os 1o
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VUV spectroscopic imaging is important for the edge and divertor plasmas

- Monitor impurity influxes in real time - Study transport
18 LOS#1 : above Xpoint
T [ e B B B
[ N(W) = 10* eNe |1
Coronal Balance |-
a0l .
E - -
“w : 1
e #10°h %
= u t
S 210%8f ]
=
L c 4
o 1108 g
2 - ,
© i '( ||
o) - i \
'% 0f . v e o Nllh'wJu_m|
- 100 200 " 300 400
MA)
Modelled tungsten spectrum integrated along
one line-of-sight in the ITER divertor plasma

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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1.0~

1.0~

JET Real-time X-ray/VUV Data

Comprehensive x-ray VUV survey spectroscopy is essential for machine
protection, and to achieve burning plasma - Zeff < 2

Pulse No: 56150
SPRED VUV spectrometer

— Fe23 post pulse
— Fe23 real-time

— Ni25 post pulse
— Ni25 real-time

— Prap
157 — P
1.0
g
0.5 %
0 | | : | 1 | g
0 5 10 15 20 25 30 35
Time (s)

Real-time Fe XXIII and Ni XXV signal from the VUV
spectrometer, compared with post-pulse values.

To prevent damage to the lower hybrid current drive
launcher, operation of LHCD is interlocked to the RT Fe
XXIII signal

2.0

Pulse No: 56150

Bragg Survey spectrometer

— Line, post-pulse

— Line, real-time

— Background, post-pulse
— Background, real-time

BelV 7.59nm

6 QVIIl 1.897nm ‘
4_ [ ’ f|'| 4 _.i e
A Ji7
| N [ ‘
. o] || .
(T A ] itrnagn, Piute
0 4 e %
| | | | | | g
0 5 10 15 20 25 30
Time (s)

Real-time signals from the x-ray survey spectrometer,
showing line intensities and associated continuum
background for Be VI and O VIII.

Most intrinsic and injected impurities can be monitored.

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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General layout of VUV spectrometers

diffraction grating toroidal substrate, ion etched

<0 L ~30..100 cm

al|=0... 89 deg.
entrance slit od J A1

width 50-150 um grating
normal

Ay >\
focal plane (MCP detector)
width 25-40 mm

Fonck R J et al, Appl. Opt. 21 2215 (1982)
Biel W et al., Rev. Sci. Instrum. 75 3268 (2004)

Spectrometer design issues:

* incidence angle (reflectivity, diffraction efficiency)
* large etendue (but good wavelength resolution)

» The grating is optimized match the detector resolution

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Imaging VUV spectrometer for ITER

Grating is designed to match a given detector

This design is for a conservative 100um: MCP -> phosphor —> CCD

Ray-Tracing calculations for toroidal grating ITER Imaging Dr. W. Biel, IPP, FZ Juelich
( All dimensions given are in mm, angles in degrees, origin located in the grating centre )

G =2292.00 / mm, a= -60.000, L, = 1300.00, rsO = 1300.00. MCP angle = 54.00

By = 54.875, B, =53.750, Ly, = 1293.03, Ly, = 1292.89
Slit height 6.0, width 0.06. Grating height 16.0, width 36, aperture 50.00, Light source extended

intensity

intensity

Spot diagrams
f T
n:
o 2F
=
2 OF
%_2-_
4 F
T s / mm
~ﬁ- :::::::::{:.
F -0.1 0.0 0.1 1
4F
o 2P
Eof
>, L
4 F
6L o S/mm
-0.1 0.0 0.1

Instrumental profiles

100

~J
h
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8]
h

—_—
L—

100

~J
h

50

]
th

0 :
-0.03 0.0 0.03

A=21.00 nm :

Imaging line width = 0.0117 nm
Bandpass line width = 0.0134 nm
Detected line width = 0.0149} nm
Etendue = 6.0649E-005 mm™ sr
Transmission = (0.17549

TH = 0.99366

Dispersion = (0.19412 nm/mm

A=26.00 nm :

Imaging line width = 0.0123 nm
Bandpass line width = 0.0139 nm
Detected line width = 0.0155} nm
Etendue = 6.1153E-005 mm™ sr
Transmission = 0.17695

TH = 0.99980

Dispersion = 0.19955 nm/mm

Average line width: from imaging = 0.0120 nm, mean camera output width = 0.0152 nm
Mean Resolution = 1550, mean Etendue = 6.1156E-005 mm™ sr

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.

Relatively high resolution

AAS ~ 1500

Relatively narrow
Wavelength range
21 nm—26 nm

Angle of incidence:
o = 60 degrees

Relevant spectral lines:
He I 25.632 nm
Be IV 25.627 nm
CV 22.279 nm
oV 21.515 nm
Kr XXVI 22.00 nm
Ar XV 22.115 nm
Cr XXl 22.290 nm
Fe XXIV 25.509 nm
Ni XXVI 23.420 nm
Ni XVII  24.918 nm
Cu XVIII 23.424 nm
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ITER Imaging VUV spectrometer in Upper Port #06

(Similar system for divertor)

Collimating mirror

Field mirror

\ 3! N III 1 |
by e — = e :
e
||I;ll. ) —-'—'.'-'_'-'-'.--.:T
| [z =, <
b — \ L)
—— "u": W
)1 W
\ “
— A

Slit

.

\

Toroidal holographic grating

|
&
1
B.08 Neutron Activation (foll)
E.P3 VU Grazing Image (x2)
— -

2-D VUV detector
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Upgrade to JET scanning VUV spectrometer for 2005

Addition of a collimating mirror:
Allows for a much smaller scanning mirror, now behind a valve. :

Improve spatial resolution for 20 cm to < 1cm

Field of view of scanning VUV spectrometer ~1 m

]
/ [ XUV spectrometer

Collimating mirror (sphefical)

VUV spectrometer “KT1”

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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The JET D-T compatible soft x-ray cameras

Iil Detector
> lines
g ls

'h
‘ . Non radial
section of torus
Divertor
plates

Radiation imaging for magnetic confinement

Deleclors ey Plasma vertical position
0.275 from magnetics
£ o270
0.265
0.230— Plasma vertical position
from soft x—rays
0.225 ‘

(m)

0.220
0.215

2 0
z Voitage on |o
> -5~ B the FRFA g
amplifier |z
| | 1S
19.5 20.0 205 21.0 21.5
1 Time (s)
—_

Demonstration of plasma vertical
stabilization from 20 - 21 s, using
the soft x-ray control signal.

fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 48



ENERGY-RESOLVED FAST 2-D X-RAY IMAGING
D Pacella ENEA - Frascati , Italy. APS — HTPD , 19-22 April 2004 , San Diego, CA, USA

Vdri f+=-3100V

Canverted

yanis (x107 em)

|
A8 B0 =t ,i|||||

1816 141210 86 4 2 0 2 4 6 8101214 1618
xaxis (x107 cm)

Prototype GEM detector. PIXCS-128 128 pixels

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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| U s W

Energy resolution on each pixel in a wide energy range
Independent window analyzer on each pixel, capable of > 10° count/s

110% ' , ' — E000
a10° L l l G=20000 - =00
= - -
g I ]
= i Double J 4o
O gt |- gem
| =
E B i
= s - 3000
g 410* - .
) i | 2000
210t ]
_ | 1000
o e -~ 1o
o &0 100 150 200 250 a0a

Fig. 4. Spectrum of carbon (277eV. right axis) with double
GEM and He between source and detector. Spectrum of boron
{183 eV, lelt axis). with double GEM and vacuum betwesn

source and detector.

Peak amplitude (ch)

Counts far Boron

EI:":':' 1 1 1 1 1 1 I I 1 1 1 1 1 I I 1 1 1 1 1 ]

500

4000

Jacd

Counts

200

1.25 keV *¥

—
. |

Line 1.25 keV
continuum 1
from 2 to 7 keV g

N

Fig. 5. Spectra of Mg{1.25keV) with different Voluages [or the
anode of the X-rav source: 25kV {red), 4kV {bBlue), 7TkV
{green ). Spectra are normalized o the peak emission of the K

[eature.

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Steerable, “zoomable” x-ray pin-hole camera with tangential view
Fast spectroscopic imaging is valuable to study cross-field transport

Tangential views of NSTX plasma (Madison, Wisconsin)
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Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 51



Photon Counts / Channel

(€) W ‘
3000
] (%]
L nXxy gra z
: o
2000 g
] ™
Al
) c
1000} |

396 397 3.8
Wavelength (A)
Te = 0.58 keV from all diel. satellites & line w; Ti = 0.45 keV

ArxXVIl spectrum from NSTX - Manfred Bitter

©4.00

 3.05 '3.09

The Johann Curved Crystal Spectrometer

Rowland Circle, radius r

Curved Crystal
radius R = 2r

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.

High-resolution x-ray spectroscopy
Extensively, but not exclusively, He-like ions.

~TelZ: 250eV: Ne, 500eV,:Ar, 2keV: Fe-Ni, 10keV:Kr
Requires A/o) >~ 5000, hence A < 1.3 nm for crystals

Ti: Doppler broadening

Vtor/pol:  Doppler shift

Te Dielectronic satellite ratio

ne Forbidden line ratio z/(x+y) (sometimes)
Zeff Continuum timp  Impurity injection
nimp Absolute calibration

Simple and reliable - bent crystal & pos. sens. detector.
Crystals are cheap dispersive elements, eg Si < 1kEur

Energy resolving detector makes it doubly dispersive,
with excellent signal-to-noise ratio.

All crystal-window-detector processes are volume
effects, leading to calculable and stable calibration.
(1 mm Carbon ~ transparent at 10 keV).

Detector developments have been the key to progress:

1stgen.  Photographic film

2nd gen.  Multiwire prop. counter, ~ 3 - 25 m radiius
3rd gen.  Solid state eg CCD, 0.5 - 2 m radius

4th gen.  Imaging with fast 2-d detector
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R Barnsley et al, Rev Sci Instr. April 2003

e

Deployed on several tokamaks:
- DITE, COMPASS, MAST, JET
and other sources:

- Laser produced plasma (photo film)

JG00.339/2¢

- Oxford Univ. Electron-beam ion trap

Cold finger
—CCD chip
e

Crystal =

}Cu braid /_L TurrIItabIe

| K/:) A Visible light fiter ™ Grystal
- i bending jig
\ Turntable ||
El I Spectrometer vacuum
ectrica _ raori
feedthroughs Translation

stage

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.

Portable Johann-CCD spectrometer
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High resolution crystal spectrometer on the MAST tokamak. M Nelson et al, HTPD 2004

Compact Johann-CCD spectrometer

- Shares sight-line of toroidally & poloidally
scanning NPA

- Si(111) crystal for He-like Ar at 0.399 nm
. - Built and installed on MAST in 6 months

- Spherical crystal already obtained

ITER prototype in preparation - imaging

Peltier-cooled x-ray CCD, 1024x256 4-pillar crystal bender - Initial tests to be with existing CCD (slow)
AE~ 150 eV at I_ow cou_nt—ra?e _ Fits inside ¢ 65 mm tube - Fast 2-d detector required....
8 ms readout with vertical binning Bakeable to 100° C
. } Rotations at different radial positions / an
Detector chamber — © r | I I
4 S———" supp I
M Pheumatic valve with -‘-f:,brack iy 4= —
b \ Be window: 5 pm, d=20mm _ T L
al \\__;__, g [
—— =~ ook B
Il 3 0 -
— = L
» . '/Bellov E y r
Crystal jig l : _| ] r
6 [ | ] )
MAST rj% LT NI ot I I I
L _| 0.0 0.1 0.2 0.3

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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JET high-resolution crystal spectrometer - XCS

—£2458 MEISPOWT .
Seq=17 (0) 1) NBI & RF heating
— 82458 ICRH/PTOT
Seq=24 {7}

—— 87458 Y03

Seq=109 (0] 2) Ni XXVII count-rate

—— 82458 WIS SN . .
Seq=103 (0) 3) Ni concentration

——B245R YO%SRHA

Seq=108 (D) 4) r/a of Ni peak
emission
67458 ¥CS/TE 5) Te at same r/a
- o4 XCS LIDAR

Seq=107 (2] ¥=335

—— 87458 %CET

3 T eria 6) Ti, XCS CXRS
= 3 Seq=52 {1} ¥=3.35
éﬁg = ' ' ' ' ' ' = — 82458 PROCAV_TOR_NCS
an0 —— 82430 FROC ATOR_CHSMT 7) Vtor, XCS CXRS
100
%
Ei — 82458 PROCATOR_ERR
4 8) Error on Vtor XCS
z
Y 16 I8 0 5] ¥ B EE Bl
SECS

25 m Johann spectrometer with multi-wire proportional counter. Single-chord only.
One of the original JET diagnostics, with data from ~ 50 000 pulses

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 55



Doubly-curved crystal optics

Spherically curved
crystal

Rowland circle

Fig.14a. Spherical crystal optics Fig.14b. Toroidal crystal optics

+ Spherical or toroidal crystal allows plasma imaging
+ Improves S/N ratio with smaller entrance aperture
and smaller detector

fs/fm = -1/cos(26B)

- No real focus for 6B < 45°

fs: Sagittal focus fm: Meridional focus ©0B: Bragg angle

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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A new Instrument for simultaneous Measurements of Profiles
of the toroidal and poloidal plasma rotation velocities

M. Bitter, K. W. Hill, L. Roquemore, B. Stratton Princeton University
S. G. Lee, Korea Basic Sicence Institute, J. E. Rice MIT

| '

X-Ray Tube

M

Detector

Spatially Resolved ArXVI1I Spectrum from Alcator C-Mod
(Shots: 101503 & 101703; Time: 0.320 - 0.700 s)
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31.6
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Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.



Count/s chord

ITER impurity line emission and spectrometer signals

012 Local emissivity for ITER ITB

ITER ITB Profiles

— Ne (10%°/m~3)
30= — T (keV)
— T, (keV)
— Vior (10km/s)
— Vo (km/s)
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-10 l l | |
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108 Count-rate per chord for ITER ITB
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Radiation imaging for magnetic confinement fusion

1

1011

1010

Emissivity (photon/cm?®)

10°

108
0

Ar17*
N

Ar 16*

O JG04.184-10¢

Top left  Modelled ITER radial profiles

rla

Top right Local emissivity of impurity spectral lines

Bottom  Simulated signals for imaging x-ray crystal

spectrometer

Incremental radiated powers

concentrations of 10-°.n, are:

for

Ar 0.25 MW Fe 0.8 MW Kr 1.4 MW

. R Barnsley. IWORID, Grenoble, 5th July 2005.

added

impurity
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Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Simulation results for ITER ITB
C Ingesson et al HTPD 2004

- Fe concentration of 10~°
- H-like line at 1.784 A
- Integration time of 0.3 s

Two views of the top half of the plasma
were assumed measuring at toroidal
angles h = 0° and 18.5°.

Left-hand column: moments calculated
from the simulated measurements (solid
circles) and backcalculated moments from
the reconstruction (curves).

Right-hand column: input profiles of the
simulation (solid curves) and
reconstructed profiles (dotted lines).

Rows, from top to bottom:

emissivity, toroidal rotation, poloidal
rotation and T,.
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Design for ITER imaging x-ray crystal spectrometers

Bragg angle options

R/l

A\ \——
@\ﬁ ﬁ\ |
|y

0 Im 2m

Equatorial port:options

“A”. Spherical crystals - better optically
“B”: Toroidal crystals - better S/N

~ 3m crystal radius:

- Could use gas or solid state detector

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.

Detector

2 or more
Graphite reflectors

Continuous
views

&\ Discrete views
Upper port
Part of plasma cannot be viewed directly
- graphite reflectors are used.
- ~ 1m crystal radius
- Dispersion too low for gas detector,
ideal for solid-state pixel-detector
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Modelled neutron levels for the ITER upper port imaging crystal spectrometer.

1014
—-— 0.1<E<1 MeV
—— 1<E<2 MeV
—/— 2<E<5 MeV
» —x— 5<E<13.84 MeV
T 1012 —%— 13.84 MeV<E
g —o— Total (e>0.1 MeV)
s |
X
=
1001
[
o
5
2 i
Z
10°% - Detector 3
! | l | l | 9
0 2 4 6

Distance from the first wall along the viewing line (m)
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ITER imaging x-ray crystal spectrometer

- Combined radial and 19° tangential views

- Separation of toroidal and poloidal rotation components

MSE collection optics

CXRS collection optics /

VatharrammvS-Mode EPort. TEPot JCATProauct - 10/8/2004

|
] t——— S

afkaramminS-MoeosBPo EPort JOATProduct - 1082004

Imaging x-ray crystal spectrometers

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005. 62



Optical parameters and detector requirements for
equatorial and upper port imaging crystal spectrometers

Port location Equatorial Upper
Crystal curvature Spherical Toroidal Spherical Toroidal
Central Bragg angle 54.0° 970 48.0° 970
Plasma — crystal (m) - 5
Imaged plasma height (m) _35 ~05
Demagnification 0.21 0.36 0.14 0.18
Crystal — detector (m) 15 95 1 13
Crystal radius/radii (m) R 2.0 55 1.3 2.9
r 1.7 1.0
Port — detector (m) <05 ~23 <05 ~15
Detector width (mm) for
19% band-width 2 28 15 15
Total detector height (mm) 750 1250 70 93
Number of detectors 3-4 4-5 1 1
Detector resolution (mm)
for WS = 10° 0.27 0.28 0.15 0.15
Detector resolution (mm)
for plgp = 100 | H ° "
Detector travel (mm)
for 10% tuneable band 300 300 150 150
Bragg angle range o o o o
for 10% tuneable band 4 14 5.3 14

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.



Outline detector specification for imaging x-ray spectrometer

Total detector height (~200 - 750 mm) = observed plasma height (~4 m) x demagnification (~0.05 - 0.2)

Individual detector height: ~ 70 - 250 mm for 3-5 detectors

Detector width in A direction: ~15-30 mm

Vertical resolution: ~2 -5 mm, for >100 total resolvable lines of sight
Horizontal resolution: ~0.1 mm

QDE / Energy range: > 0.7, 3-13 keV

Average count rate density: ~10% count/cm?.s

Peak count rate density: ~107 count/cm?.s

n-y background count density: ~10° count/cm?.s

(flux of 108 n-y/cm?Z.s, 10% sensitivity. 90% shielding)

Candidate detectors

This performance is typical of detectors in use or in development for high-flux sources such as
synchrotrons.

- Gas-microstructure proportional counters.

- Solid state arrays. CCD or pixel.

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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y-ray imaging of fast ions in JET
V Kiptily, 31th EPS Meeting, London, 2004

Gamma-ray camera - shared with neutron camera

Vertical camera

. —Detector box

1))« Remotely
> selectable

]D collimators

4450
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On JET vy -ray emission profile
measurements provide information
about spatial distribution of fast alphas

Horizontal
camera

el « Vertical camera - 9 lines-of-sight

o horizontal camera - 10 lines-of-sight
o Collimators: ©@10and 21 mm

\§:; = | . Space resolution: 10 cm in centre

i v-Detectors: 10x10x15 mm Csl-diodes

A
Al

Detector

box
Remotely

controlled
collimators
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Gamma-ray spectroscopy of nuclear reactions on JET

At JET v -ray spectrometry provides
information on distribution function of
charged fast particles

y -ray emission is produced by

e fusion products: p(3 MeV, 15MeV),
T (1 MeV), 3He(0.8 MeV), a (3.5 MeV)

e ICRF-drivenions: H, D, T, 3He, “He

due to nuclear reactions with fuel and with
the main impurities, Be and C

a-particle diagnosis at JET is based on the
nuclear reaction °Be(a,ny)**C

Nuclear reactions observed
in JET involving fast ...

deuterons tritons
‘Be(d,py)i°Be T(d,y)°He
‘Be(d,ny)°B ‘Be(t,ny)'B
12C(d,py)13C 12C(t’y)15N
12C(t,ny)14N
protons 12C(t,ay)1B
D(p,y)*He
T(p7)*He He
°Be(p,y)°B D(®He,y)>Li
’ 9 3 11
gBe(p’p’y)gBe gBe(3H61DY)1lB
Be(p,a v)SLi Be(3He,ny)11C
12C(p,p’y)12C 9Be(3He,dy)1OB

12C(3He’py)l4N

4He and o’s
‘Be(a,ny )2C

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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‘Be(a,ny)*C reaction

The nuclear reaction between
fast alphas and Be impurity
leads to:

Excitation of high-energy
levels in 13C" nucleus

De-excitation by emission of
neutron with population of
low-lying levels in 2C*

Further de-excitation by 3.21-
MeV and 4.44-MeV gammas
to ground state of 12C
nucleus

1376

1197

1.70

E,, MeV

1065

9
Be +a

Q(°Be+a-n) =570 MeV

n E, MeV

N

7.65

"/

4.44

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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The y-ray emission from this reaction
are determined by the specific
reaction cross-section :

4.44-MeV y's (level 4.44 MeV) are
produced by o’'s with E_ > 1.7 MeV

3.21-MeV y’s (level 7.65 MeV) is
produced by a’s with E_ > 4 MeV,

...and by the a-particle distribution
function, F(E,)

The reaction °Be(a,ny)'?C can be
used to measure changes in the
density of the fast a-particles.

Cross section, mb

Reaction cross-section

6004

500

400+

3/\ IA
T

2004

100+

CFE,) |

—4.44 MeV
——7.65MeV

Alpha-particle energy, MeV

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.
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Acceleration of “He and D-ions in
3" harmonic lon Cyclotron RF heating experiments

Spectrum counts vs Energy

| , | 10-keV pini 1
UL 31 MeV 70-keV pini 6 /
2Cd,py)eg || e |
I
400 F .
0-keV pini 5 +
300 70-keV pini 6
200 .
100 .
) A B AL Ak S e T
2 2 4 5 B 7
E+3

Energy (keVv)

Nuclear reactions:
9Be(a,ny)?C and 2C(d,py)t3C

y-ray spectra are used for the “He-and D-ion tail
temperature and slowing-down time assessments.
Kiptily V', Nucl. Fusion 42, 999 (2002)

The tail-like “He energy-distribution function is
similar to the fusion o distribution in the TTE.

Typical tail-temperature in these experiments:
<T>,, ~ 300 - 700 keV

Radiation imaging for magnetic confinement fusion. R Barnsley. IWORID, Grenoble, 5th July 2005.




Simultaneous spectroscopic y-ray imaging of “He and D-ions

12C(d,py)*3C, 3.1 MeV and °Be(a,ny)?C, 4.44 MeV

Kiptily et al. Nuclear Fusion 45 (2005) L21-L25. 2. gah 63064 17.000000 102ns
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7.8 MW ICRH with co-current wave launch, 2 MW NBI, monotonic g-profile
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Possible integration of y-cameras in ITER
Shared with radial and vertical neutron cameras

gl 1 g
Vertical Camera: / =3 _
- . AT | ]
3-5LoS N I
Radial Camera: A . : i 5
5-7LoS
Lost alphas: | | . 7
2 LoS ! NI - .
N Wi Lost a’s R
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Prospects for radiation imaging detectors in fusion research
Fusion research in general
- There is a move from discrete views towards imaging instruments and detectors.
Already in IR, Visible, x-ray
Required for VUV
Potential for gamma-ray?
- Existing and planned ITER prototypes could use fast 2D detectors immediately
Imaging x-ray crystal spectrometer for MAST

Imaging/scanning VUV spectrometer upgrade for JET

ITER diagnostics
- We need fast, 2d, radiation-hard, photon-counting detectors with background rejection.
- Reference diagnostic designs are based on current technology — often conservative.
- Improved radiation hardness and background rejection would improve performance:
More open apertures
Reduced labyrinths
Detector closer to plasma

- There is considerable flexibility for new techniques and detectors.
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