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ITER Diagnostics

14 A FUSION OF IDEAS

The diagnostics system will comprise about 50
individual measuring systems drawn from the full
range of modern plasma diagnostic techniques,
including lasers, X-rays, neutron cameras,
impurity monitors, particle spectrometres,
radiation bolometers, pressure and gas analysis,
and optical fibres.

Magnetic Diagnostics

Vessel Magnetics

In-vessel magnetics

Divertor Coils

Continuous Rogowski Coils
Diamagnetic Loop

Halo Current Sensors

Neutron Diagnostics

Radial Neutron Camera

Vertical Neutron Camera
Microfission chambers (in-vessel)
Neutron Flux Monitors (ex-vessel)
Gamma-Ray Spectrometers
Neutron Activation Systems

Lost Alpha Detectors

Knock-on Tail Neutron Spec-

trometer

Optical/IR Systems
homson Scattering (Core)
homson Scattering (Edge)
homson Scattering (X-point)
homson Scattering (Divertor)

interferometer/Polarimeter
Bolometric Systems

Bolometric Array (Main Plasma)

Bolometric Array (Divertor)

Spectroscopic and NPA Sys-
tems

CXRS Active Spectroscopy (+DNB)
H Alpha Spectroscopy

VUV Impurity Monitoring (Main
Plasma)

Visible & UV Impurity Monitoring
(Divertor)

X-Ray Crystal Spectrometers
Visible Continuum Array

Soft X-Ray Array

Neutral Particle Analyzers

Laser Induced Fluorescence

Microwave Diagnostics

ECE Diagnostics for Main Plasma
Reflectometers for Main Plasma
Reflectometers for Plasma Position
Reflectometers for Divertor Plasma
ECA for Divertor Plasma
Microwave Scattering (Main

Plasma)

Plasma-Facing Component &
Operational Diagnostics

IR Cameras, visible/IR TV
Thermocouples

Pressure Gauges
Residual Gas Analyzers
IR Thermography Divertor

Langmuir Probes

Table 1. Overview of the diagnostics foreseen at ITER

A.J.H. Donne, FST, 61, 357 (2012)
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Real-time diagnostic / system integration

AUGD &1 81451 o e

LFS: K, Ka, QY g

Separatrix

Cust, Interface board . |
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Reflectometry PP demonstration on AUG J.Santos

L-mode . H-mode (type-1 ELM{t) [Z& 1T 46L& 18 R Th

First demonstration discharge

Reflectometry control during separate L and H-mode phases e Rgyt: outer (LFS)
out-

/ plasma position

2.17
216 I Reflectomelry Separatrix Estimate
. [~ Controller Target Trajectory \
215 Magnetic Separatrix _ ,ju,fu[,_ 3

E
2.14
2.13
2.12 : : : : : Refl. tracks mag.
[ Plasma Current 5 during non-control
] phases (ramp-up
& down)

Reflectometer
Requested
Magnetic

Line Integrated Density

Heating power (NBI) -
Heating Power tEr_,I.?H} . , : Refl. maintains
good control when
iIn change — even
Quter Diverlor D” Emission during programed
radial movement

[

Inner Divertor D Emission

QOvershots in mag.
signal t.b. resolved

G.D.Conway, 20-Oct-11
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Principle of interferométer for electron density
Probepath ~ Measurements

L Phase difference with plasma is
g given by

mirror ;
Laser % /\ /\ /\ Sl 2,2
light @ k5,uL:27z5ﬂL:27Zi /Ize nL
\/V\/ V' © A Zamt,

Plasma

n ; line averaged electron density

AR

e S VU TTT TV s, s 2,590

mirror

Aslongas o >>w,, w, | isfied.
Reference path 9 o» @ Is satisfied

Effective path difference due longer wavelength (lower frequency ) is
to the existence of plasma preferable to get larger phase shift.

gives electron density of

plasma. K% EDOEXV — XM1780K. 3K
EZMEIJSAVY — FIR.IR




Interferometer for 1/3 scaled Negative lons Source

25mm(min.) |
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Millimeter wave interferometer

70.070GHz SSBM
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Figure 1 shows the time evolution of the electron density obtained with improved
millimeter-wave interferometer in the pure hydrogen plasma. The beam was extracted
from 10.8 s to 11.8 s. The electron density changes with the arc power and rapidly
rises when the extraction voltage is applied. Amount of the electron density change
before and after the beam extraction is 2.6 X 101" m-3. It has been observed that the
negative ion density shows the different response to the extraction voltage and it
rapidly drops with beam extraction.

[MA] 1omod oy




Choice of probe beam wavelength

m Low frequency (long

wavelength) limit d=2%%eye 57 o <p(lBoyue
T T

m Refraction problem
due to plasma density |
PLANE OF -

gradient sets the long THE WINDOW
Z,

wavelength limit

a, :sin‘l(n—°) =T _gg7x108 n,A* /
n n MEDIAN

A<1.16x10"°(Z,n>)™*m &

O Example: Z, = 3.8 m, n(0) = 2x10%%/m3 \ D. Veron
leads to A< 210 um " PROBING BEAM

BENRWVEE, BFTORAKREL,




Long term Stdblllty of 119-um CH30OH Laser
pumped by 9P(36) CO2 Laser

Output Power [arbit. unit]
Beat Frequency [MHz]




Diagnostic Room
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Cross Sectional View of the LHD Exp. Room
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Pneumatic
Isolator

FIR Laser
Interferometer

Optical fibers
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r’ N

Waveguide

[ 111

17

)
!

[ 1
TJ\Ei;;o/le Duct

Interferometer
Housing

 13channels 90mm spacing.

s= « Shotky barrier diodes are used

== for detection
kj

 lusec time resolution.

« 1/100 frinje resolution

(1.9x101'm2)
* Vibration is negligible.
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Shot 6115
p=0, -0.19, -0.38, -0.57, -0.78, -1.01

Density profile
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Change of Density profiles after single
e llete injection.Rax=3.75m
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1. What is dispersion interferometer?

Conventional Interferometer

(for electron density measurement)
Advantages 185 M

#121911

1. High temporal and density resolutions | RO
2. Widely used (well matured technique) ks

=
: Vibratien
Disadvantages isolatiorBstan
1. Errors due to mechanical vibrations X@ \

« Vibration isolation system T
e Two color interferometer T

li i

2. Fringe jump errors in high density range

m Short-wavelength lasers (57 um, 10 pum)

One of the fundamental solutions is a Dispersion Interferometer (DI)

V. P. Drachev et. al., RSI 64 1010 (1993)., P. A. Bagryansky et. al., RSI 77
053501 (2006).
low sensitivity to vibrations, no fringe jumps (by selecting appropriate wavelength)

Dl is attractive for high density, large and steady-

‘ state fusion devices




2. Principle of Basic Dispersion Interferometer (DlI)

Phase shift due to
mechanical

Nonlinear vibrations Ad Nonlir:elar
crystal 20: POAT/ ~ _Crys = Bl el i i
(frequency doubler) (DA- COAd/C (frequency doubler) Detector Phase of interference signal
@ oo I —— _1__2_ 2(ot+wAd/let+c n, L/io+d)
Q) Wt - .
N -—— 8 — T 1 _H __ -LorH2eNdlE+c n L20+(")
Vi U (2)2w =(3/2) ¢,n L/o+(initial phase)
U.S. Patent, No. 5,642,195 Phase shift Filter Interf ; |
P.A. Bagryanskii et. al., Sov. J. Plasma Physdue to plasma I RBiafEER S
18(2), 138 (1992) 20: c,nL20
o: cn Lo A+Bcos{(3/2) c,/o}

Phases of 2nd harmonic beams

(1): 2(wt+oAd/c+c nLIw+d)=0,
(2): 2wt +2wAd [c+c N, LI(2w) + ¢, = ¢,

(c,: Constant)

Interference signal between two 2nd harmonics A=1,+1, B=2Jl1,
| = A+ BCOS(gpl _%): A+Bcog 2P e Il'.lz. .|nten3|t|es of 2nd harmonics
2 ¢ initial phase

Phases due to mechanical vibrations are cancelled automatically and
only those due to plasma dispersion remain in the interference signal.



3. CO, laser (10 um) Dl on LHD

 Line density resolution on LHD:
8% 101" m=2 (2.5x% 101" m=3) for 3000 s
4%x10Y m2(1.3x101” m=3) for 100 s
« Temporal resolution:100 us
« Latency: 100 ps

T I T I T I

—— Dispersion int. #125835
~= — S P2 FIR laser int. .
Vacuum e - Fringe jump

Fringe jump | F}ge jump
3 4 5/
Time (s)

|

Fringe shift @ 10.6 um> 1 fringe: risk of fringe jump

However, number of fringe shift is small (~ 3
fringes), fast sampling (100 kHz on LHD) can track
= the fringe shift and can avoid the fringe jumps.
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Plasma

Antenna

e wave vectoris selected via
Bragg condition:

k, =2-kqsin(6)

e k-spectral resolution is
defined by beam width :

2
2
AkJ_ :ﬁ 1+ W ko
w Peff

e Doppler Shift:

C()D :_k'l)

strong points

= (Observation wave number is selectable in
ITG/TEM turbulence region.

= No request for special heating operation

~ -k, v,

U] =Uphase T VExB




Example of Doppler RM measurement
(Comparison of regular & reverse magnetic
field direction) s

0.1

| >

When the direction of magnetic lon diamad.
field is inversed, the sign of o}
Doppler shift frequency is also 1
changed.

TSMAP Density profile CXMAP poloidal velocity

4

9 .9:r+/-2.7kH

|
3F | —#100263 t=4.725s . ® #100263 1=4.64s 0

i il i _ _ ] frequency [kHz]
£l i !‘I'. B ]
r B g 2 s B
20 b Rl 3 #100263 t=4.7s
’ . ‘ T g . 0.1
15 {f : E |
! n ] L |
oo, "i_ : I
3 | .
I

a5 | | F999T3IRAS3s ® #99973 t=454s

=

05 [ #

0 1 1 1 1 1 : 3 5
-1.2  -08 -04 0 04 0.8 1.2 )

05 06 US 08 09 1 1.1 1.2
reff/a99 reff/ag9

#99973 5.8+ 0.1km/s

| -1 2+-2: z
#100263 7.2F0.1km/s o

-510° 0
frequency [Hz]




How to make “multi-frequency channel” ?

Fixed-freq. multi source  Freq. Hopping Ultrashort pulse Frequency COMB

4+ signal 4 3

NINE
{111

v' “Simultaneous” measurement for studying the spatio-temporal
behavior

time ~
. frequency

time




ka-band 7ch frequency comb reflectometer in LHD
-40

] =

| Comb Generator fenes *-

305 312 320 327 33.4 341 34.8GHz

Complex Frequency Analysis

L ka band (26 4OGHz) every O 7GHz -)20 peaks 9 Fllter bank system (7ch)

up to 20ch




Radial electric field Er is controlled by the biasing electrode

Tr 0":“-"’_Electrode Er [Vim]

Vacuum

NN Vessel
05k i \ } 048“& ‘
o :
- VA -

05F GND

s 3 35 4 45 I, AT ;

Power Supply: —L
600 V/100A —T 20

g i | 2 500 | « .
: el =0.467m | W
-6 s 1 : :} 100
EB- <. I :a..-a N — —
1
! 0

i 42 LY 45 4.8
time[s]
ECH:0.8MW Reflectometer
r.~ 0.45~0.53m Strong Er region jump outwards

a4~ 0.58 M during ramp-up of bias voltage




Turbulence intensity correlates with -Er Er”’

500 20 e The turbulence intensity enhanced in

400
ggg urrent Em: the region where —Er Er”’ < 0.
> 100 5 Ze The turbulence intensity does not
Bias voltage 0 correlate with Er’.

0.46 The results are not conflicted with the
Electrode == _ theory on the importance of -Er Er”’.
) doe ) B 0
' - —l=7l-0 2 1°
0.50- | " : ot

0.48+
—a(-EE/)

]

I

fluctuation amplitude [a.u.]

| Electrode | r

Meso-scale Er [Er”’]is important for
turbulence reduction

time [sec] T.Tokuzawa PoP 21, 055904 (2014)




Target parameters of Doppler RM

@ Doppler shifted frequency 4 Wy, =—K v
— poloidal velocity

= _kJ_UJ_

@ Integration in frequency domain
S(k;) S(k) |
— wave number spectrum )

AN ;I

@ Temporal behavior of Doppler shift frequency
— velocity / frequency of background plasma (zonal flow,

GAM, etc.) . W M
D
time




J—7F L (GAM)ET;EI

Geodesic Acoustic Modes m

IR ANIIL FyT5—S TR AR DB ZELE

Power (arb.)

—800
- 2 0 2z 4 1.132 1134 1136 1138 1.140
Frequency (MHZ) Time (s}

Q

p~0.98, Te~ 1208V

b

56GHz x-mode Doppler refl. — » Ohmic shot #16179 l

» Electrostatic {(low m) acoustic mode, ie. 8=0
« Low frequency. Large E even for small 2 w=v2cs /R

, 05 .0 g0
* Mechanism = T°"n, B

E_vi=EBMB* and fi= Vv

1 — J= BV which transports charge
— acts against E — "poloidal” oscillation i [

s Linked with zonal flows, predicted by codes 40 a0

Powser arb.)

.0 . Conway, 05-May-02

i (~1EE = zatifll




Ultrashort Pulse

Impum

p/———N

A
| Tourz’er

| (‘Z—r’ansform

Spec@

1

08

0.6

04 -

0.2 -

0

0 20 40 60 80
Frequency [GHZ]

S(w) = exp[- ”22“2 ]
\ 4




Example of Reflected Signal

#52743

oA i B 1) 2
W
L1

\! . TR AT At e gt A A A N

- 31GHz TR e
B]Ue SZGHZ il 6.200 % :mﬂ“ﬂm'"
Red - 36GHZ
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Densn'y Profile Measurement

#51826

Reconstructed MNe profile
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Edge position monitor in LHD

PSPL 4016 & 5206 40-60GHz
Impulse-18ps
Ampktude: -1.5v

#75606

pre Amp
2 18GHz

e ] [

B o ke %n
# F & 5 & = B

BPF

3.0,50,70,9.0,11.0,130 +/ 0.5GHz

406080100120140+ 02GHz 0122GHz

B Impulse (23ps pulse width) is used as a broad
band source (8-60GHz).

B Time-of-Flight measurements are done for
density profile measurement.

200 300 400 500
time [sec]
IX10®¥m3DEEE DL EZE
il Reference pulse s ~500seclZ#1=Y . f5E <1lemT51BI A &g




Sample profile
12 T

n0=1x1021m'3

]

I

) Cutoff Density
[x10°'m™)

—T [keV]
- —ne [x1 Ozom'3]

RN
N
|

0 02 04 06 038 1
r/a

o hy rATJEEHKIYELEWNTAO—T

AR % AL f-DelayometrystiBl 5 i

= RTEHEE N | | | .
LridRR#E 7 0—J9 452 & T, 200 400 600 800 1000
Delay timeh®m K & 73 5 BIREH 5 frequency [GHz]
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Power [arb. units]

[Hz pulse spectrum

| measured signal i

—_
o

g

Wm,wu

uy

1 1.5 2
frequency [THz]

L %.=780nm+/-4.80m
W | Pounu=79.3mW

4 " output™

__Spectrum__

p‘{"";

\ THz—TDS system

PulseWidth=120fs

Hamamatsu Photonics K.K.
model: G10620-12 (bow-tie)

NT60/65
stroke : 65mm
resolution : 0.1um

speed : 1000mm/s
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Collective Thomson scattering
geometry

wReceiver
( Received scattered radiation

Incident radiation

Resolved fluctuations

Collective Thomson scattering resolves
velocity component along ko

f(i)(u):J§(u—I25-v) f(v)dv




Feature of CTS spectrum for electrons, ions, and fast ions

« Scattered radiation is written as

et o) {zeror oo )|

Fast
lon

}

gL ‘k” VE |=—0 ” e

2
N 27[1/22i2ni ZeXp(— kf,Oiz)L(kf,Oiz )exp{
ne k” Vi l—oo

2
27Z-Zeznenene f (1) (QJ

— ene
n_lk|v K

e ene

2
H 2 1/2
S(k,0) = ‘1— el 2% Zexp(— kfpez)l,(kfpj )exp(— o

(o

o)

2,,2
Kjv,

In collective regime, the CTS
spectrum spread is dominated by
the ion feature.

N
N—

2
10 E [ Te=2keV, ne=15x10""m>
5 Ti=2keV

Tfast=40keV, nfast=0.05x10""m °

"

Frequency (GHz)

¥

Measured frequency shift
corresponds to the charged particle

velocity.

The distribution function is obtained
from measured CTS spectrum.

I

Scattered radiation (eV)




77 GHz probe
beam

»,J ) Motch
filter
Plasma
m>

Receiver
beam

Local oscillator
(7T4GHz)

L

22 channel

PIN  <6GHz
switch amplifier

filters

32 channel 32 channel
diodes video amplifier

e

e

Data acquisition
PXle-5186

High Frequency Hesolution
spactrum = 3 GHz

Data acquisition
PXI-6133

Spectrum = 3 GHz

Location at (c)
Rp=3.6m, Bt=2.40T
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Location at (a)
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Figure 10. Measured CTS spectrum in the bulk-ion region. The
measured T; from Ar Doppler broadening is indicated for each time
trend. The calculated CTS spectra are denoted by the dotted and the
solid curves for T, = 1 keV and T; = | and 2 keV, respectively.




IBW in TEXTOR (CTS)

— ¢=120,R, =01
[|— ¢=93", R =01

|| — #=93", R =05

Spectral power density [eV]
-8 3883888888

0.5 0.4 -0.3 0.2 =041 0
Frequency relative to probe [GHz]

FIG. 1 (color). Calculated CTS spectra for a geometry with k?
close to perpendicular to B, ¢ = 93° in a typical TEXTOR
plasma for Ry = (.1 (blue) and Ry = 0.5 (red). For comparison
a calculated CTS spectrum for ¢¢ = 120° (black) and Ry; = 0.1.

X

S.B. Korsholm, PRL 106, 165004 (2011)

1m I I I T ! T
— TEXTOR #10421, *He ! ! !

900 |{ — TEXTOR #00126, By = 04 [-orobemrovmon oo
— TEXTOR #110416,R =04 | | !

Spectral power density [eV]

Tl

i} i i i i i i
=045 =04 =035 =03 <025 =02 =015 =01
Frequency relative to probe [GHz]

FIG. 3 (color). Measured CTS spectra in TEXTOR for a ‘He
fueled plasma (green, discharge no. 110421), a deuterium domi-
nated plasma (red, discharge no. 109126) and a plasma with 40%
hydrogen (blue, discharge no. 110416). The spacing between the
ICS peaks corresponds to the ion cyclotron frequencies of *He,
D. and H. respectively.
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