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NIFS-PE768

External coils can sustain magnetic flux surface stationary.

This is a strong advantage for the steady state operation.



Magnetic Field

Particularity of magnetic configuration in LHD is additional
magnetic ripple. This enhances bulk and fast ion transport.
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1. Introduction of collective Thomson scattering (CTS)
2. CTS system in LHD
3. Experimental results

4. Summary



Introduction to Collective Thomson
Scattering (CTS)



Collective scattering means scattering of electro magnetic wave
by collective motion of electron

Scattering condition

Incident EM
wave

Bragg condition 2k. 003(9_25] = K should be satisfied.

Collective motion of electrons is due fluctuations caused by instability
— study of macro or micro instability are possible

It is also due to the electron motions shielding local charge of ion (Debye shielding
— lon moves thermally, thus, information of ion thermal motion can be extracted



What CTS measures?

Future Exp.
Bulk ion

D* + T

euteriumion Tritium ion

Fast ion measurements are
weighted by CTS.

Fast ion
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Preseni: Exp.
Bulk ion

H:'+ or D+

Hydrogen ion Deuterium io

He2*(3.52MeV) |+ | n°
Alpha particle neutron
| —
Fast ion
H+ o He2+
(160kev~1|v|eV)

CXRS, r'{eutron
spectroscopy

_______

Collective Thomson

measure these.



Collective condition is determined by Debye length (ccTe!->/nel*) and

fluctuation K( o< scattering angle)
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> _ . .
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Wave
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CTS spectrum tells bulk thermalized ion, electron and non thermalized fast

ion.

Bulk ion, bulk electron

T.=T.=5keV
-180keV

| fast™

n,=1x10"m-3

/‘ n fast—1x1017m 3

_L>é

1 4
Freq(GHz)

Nishiura et al.,
RSI(2008)

BP filter
frequency

10

Notch

filter(=200MHz)
Electron density and temperature are available from other diagnostic

(incoherent Thomson, interferometer), thus ion information is determined as

free parameters
Spectrum can be measured either filter bank system or fast digitizer.



The difficulty of CTS for high temperature plasma

1) Microwave high power gyrotron is probably only solution to
get reasonable spatial resolution and signal intensity.

2) Even using high power microwave (~100kW), scattered
power is order of nW.

3) Small noise can easily hide the real signal.
4) Good band reject filter to remove stray radiation is essential.

5) Fighting against ECE noise is pretty tough.



In present tokamak, frequency between fundamental and 2"

harmonics EC is selected in order to reduce ECE background noise

Tokamak Flux surface

Max freq of nth EC freq. < source freq. <

Min of n+1th EC freq.

5, i
AN |
SR | Freq. 28n B < f(GHzx 28(n+) B. .
i —— | window
1,:-' e ' | between 1%t Bnax n+1
140?: Secor}d harmonicy &9Rd 2 <
7 ' resonance B, n




In LHD, Bt cannot be tuned to expel resonance

Probing beam Receiving beam

3

34 38 42 46
R (m)

This causes technical
difficulty to reduce ECE
background noise.
Beam is modulated to
extract ECE back
ground noise

Put fundamental
resonance away from
the sight light

Put 24 harmonic
resonance out of
plasma

Green curve ; magnetic
strength contour



LHD CTS system
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Heterodyne Receiver
for Collective Thomson Scattering in LHD
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Isolator | Att.

BPF

pin
SW

SW

fixed local oscillator
stability < 10 MHz

Error Amp
Voltage Controlled
Oscillator

0.5<f<4GHz

0- 6GHz

Low NF
f<sG'.szm ps

>0.3GHz

0.5<f<18GHz

] Att :
L HP
F

Mixer
u

ECRH Transmission line

(corrugated waveguide)

power

monitor

) u,
Harmonic
=l

>.

>~

2<f<8GH]->

Filters

32 channel
Video
Amp.
(x100)

IYYY

\/

00>

LYY TYYY YYYY YYYY YUTY LYY YV

[ )
\/ v‘v

354
Oo>»

\/

:

gyrotron
77GHz



Spectrum is measured by filter bank system. Stray radiation around

gyrotron frequency (76.95GHz)+-100MHz is cut by Notch filter (-120dB)

>
% friy Skev ]
o I o
g 10-6 : 0.5key
3 |
D ! : :
100 ' Notch Filtet (2x600B)
. 1t ,, | frememy P d
Band Pass Filters g f 1
— 0.01¢ ;
N\m\
4t
o
(ol
106

5 6 Down converted Freq.
4 75 76 77 78 79 80 Original Freq.

Frequency [GHz]
Spectrum and filter characteristics

16

Calibration and keeping linearity are necessary.



Three versions of scattering geometry were tried in order to

measure different fast ion velocity components

Red; Probe beam vV
Blue; receiving beam A’
! > B

o Jangential injection
/y\{g.’ g j

VA in'\ Z\V=80deg.
Ui

A
g
. ‘

£Z\/=80deg. /

Vertical injec

/
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Change of geometry

2008~2010
from Warsnadas

2011~
B Horizontal port

Top port

oK Probing beam

Probing beam

Receiving Beam

Bottom port . .
Kpara contribution

oK lager

Kperp is dominated.



Experimental results



Raw signals of CTS. Gyrotoron was modulated in

order to extract ECE background noise

LHD CTS #91758

On timing ; Signal +ECE, Off timing ; ECE

— || - | |
X 4000 - ON Off AT 50 Hz
@ @
= 20.00 k / Lt 5k | gyrotron
5 5 et st pmbmnt] POWET

0.00 ' i modulation
-— || - | |
% 40.00 |- N by anode
> 2 voltage
S 20.00 3 | -
: H e et s s
© 0.00 ! . | © Spikes are
- 40,00 w w wl w - T due to the
& &r spurious
% 2000 b e e ot = | oscillation of
N LN
T . 5 M 'MII\“-"'W 'r“ilﬂ the gyrotron
_ 00 : _ : out of notch
» 40.00 | =T frequency at
@ O transient
3 20.00 =
& W % phase of
© 0.00 ! © L anode voltage

1.00 1.05 1.10 1.00 1.05 1.10

time (s)

time (s)



Spikes are removed numerically and separated on/off phase

LHD CTS #91758

" 1000 Y - T Spikes are
é- ' % removed
= 20.00 e B 1 { and
2 B [ s 9 o 0 s 9 i, w4 .| Separated
Q 0.00 [ o 1
_ : _ ! to on and
s 40.00 1 <} 4 off phase.
C o I

o i " -
g 20.00 E P 99 s s Changes in
© 0.00 ! © 1 ‘ slope are
- ' - ' due to
w 40.00 4 <F -
> h ﬂ m w N > heating and
& 20.00 F 41 K 4 diffusion
E 0.00 . E F e ) o v ool o | effect of the
- . - ' background
x 40.00 | 1 <[ 1 ECE.
3 3
3 20.00 P | B I 0 e Y
© 0.00 : © .

1.00 1.05 1.10 1.00 1.05 1.10
time (s) time (s)



Spectrum shape was fitted with bulk temperature

1000 p—r—r—r—r—r—rrr———r _
E | Calculated | J Measured data are used

—_ [ 1 | ® Measured | for calculation.
E 100 7 S R A S 3
ol E | | | ] T.=0.8keV
S (from YAG TS)
2 |
- 10 T.=0.7keV
o : (from Ar broadening)
| .
£ Sl . e n,=2.5x1019m
o F [ A 1 (from FIR
N | 1 1 | i interferometer)
0.1 .. i Nfast 40keV =0'25)(1019m-3

-2. — .-1. — .0. — .1....2.. (Fitted)> 10% of bulk

i high?
frequency (GHz) density too hig

Spectrum is not absolutely calibrated.



Sensitivity of fitting with calibrated data

10 | | —e— #97485 t=4.3s bk4.15s NB#1+#4
P(3.6,0,0),R(3.6,0,0) Te=2.5keV, Ti=2keV
Te=1keV,Ti=1.5keV

3 10 3 Black (Exp. Data from
S ] YAG TS and CXRS);
© .
T 1 Te=2.5keV, Ti=2kev
8
q) ]
5 ) Blue (other candidate of

10
? parameter); Te=1keV,

Ti=1.5kev

Frequency (GHz)

Blue is more likely to fit experimental data than black, but blue is
unlike parameter compared with YAG TS and CXRS.

Increase of bulk channel and check of the calibration data is
necessary. Especially, numerical FFT by using fast digitizer will help



Frequency (GHz)

Signature of fast ion components

Scattering geometry is

#3, para, #4 perp.

#101719
70 I

sensitive to perp. components

60—

50—

40 -

30

20

0 |

“' ScaBered rddiation B.u.)

Notch filter region

#101719
—0— 7.83sec —

o

-1.0 -0.5

7.5 7.6 7.7 7.8 7.9 8.0
Time (s)

0.0

Frequency (GHz)

When perpendicular NBI is injected, components higher than 0.5GHz are

observed. This is likely to be fast ion components.

Signal is weak. Asymmetry of spectrum is unlikely for perpendicular
beam.->This might be caused by the drift of gyrotron frequency.



In campaign of 2011 ,in order to
improve the signal quality, we tried

i) checking of gyrotoron frequency and

fine spectrum measurements using a
fast digitizer

ii) Scan of scattering volume using fast
sweeping mirror system to confirm
scattering position



Gyrotron frequency

The gyrotron output is
introduced into the CTS
receiver .

was measured by fast digitizer

h Gyrotoron ON
CTSfosc1_104938

The nominal frequency is 77.00 S ' _

76.95GHz. The actual frequency
depends on the gyrotron
operation.

cy (GHz)

©

The frequency shift is about g 76.9

20MHz at 80 ms pulse. The shift ; B

Gyrotron main mode

IIIlIIIlIII|III|III

S Af = 20MHz

comes from the thermal 7692 | \ e

expansion of the gyrotron cavity. & System n0|sel

=) The gyrotron frequency . _

exists inside the notch filter. > 02F =
£ ozf E

The time constant for the above [_f = — — — :

shift is about 30~40m:s.

mm) The CTS probing beam is
modulated with the frequency
of 50Hz. The frequency shift
has to be taken care of for CTS
analysis.

. P
lime (s)

Spurious signal ~74.7GHz

Frequency shifts may cause the
asymmetry of spectrum.



Frequency (GHz)

IF signal {\f)

Spuripus mode was observed. This distorts spectrum.

At the gyrotron output ON timing and OFF
timing, the spurious mode appeared. This mode
should be removed for CTS measurement.

_ Gyrotron on off

5 S >

\ 4

Notch filter Fegion

[ - -

0
-g
4

4

0 42 44 46 48

Time (ms)

The time and frequency domain signal is measured
by CTS receiver at LHD#101711.

L#1,LH#2,LH#7, all 77GHz gyrotron

IF frequency = 0~6GHz

Probing beam L#7
Nominal frequency is 76.95GHz

L#1 and #2

Frequency (GHz)

Inside the notch filter

Spurious lines at the trailing edge
~74.6GHz

1.0

09

08

07

Frequency (GHz)

086

05t

Outside the notch filter



Fine spectrum was measured by fast digitizer

Fast digitizer
National Instruments,
NI-PXle 5186
BW: 5 GHz
Sampling rate: 12.5 GS/s
Resolution: 8-Bit
Memory: 1GB (80ms
duration)

The 77GH range signal is
down converted to the IF
signal from 0 to 6GHz,
which is directly calculated
and transformed by FFT.

Scattered radiation (a.u.)

Scattered radiation (a.u.)

10

10°®

10™’

1078

St

— #110096 on
—— #110096 off
#110101 no plasm

L.
L TM

1 IIIII.-1I IIIIIII| 1 IIIIIIIIm I

. Freque
—Notch region

0 1
ncy (GHz)

N

~ 3 [
| Gyrouort 1ne

il

1

1

(0]

Frequency (GHz)

2



Fast sweeping mirror system enabled to check antenna alignment.
shot109834

ECH(MW)
N w
T T T T

(x10"°m?®), P

[EEN
1 LI

e_bar

ECH power

2MW ICRF was injected as well. T

e_bar

n
NO
T T

Te,Ti(keV)
H

Te(0) from YAG TS
Ti Ar broadening

100

CTS sig (A.U.)
N (o)) (o]
o o o
| | |

N
o
|

o

o

4 6
t(s)

Preliminary

Signal becomes strongest at around
maximum scattering volume. This

/ peak is observed only in bulk
channel

The second peak is observed.
This may be due to stray
radiation or multiple reflection.

ECE background radiation is

ill significant. This can be
excluded ECH modulation.

10



1.

In LHD, collective Thomson scattering system is being
developed to measure bulk and fast ion density and
temperature.

. 32 ch filter bank system (bulk 16ch, fast ion 16ch) and fast

digitizer system are routinely working.

. Fast digital oscilloscope and fast digitizer enables to

measure fine structure of the spectrum.
Bulk ion and fast ion density were estimated from the fitting
of filter bank system output.

. Fitted values were unlike values.
. Signature of the fast ion was observed.
. Fast sweeping mirror system was installed to check antenna

alignment. Preliminary data showed maximum signal at
around maximum scattering volume position.

. Further developments are necessary, to confirm the data.



Supplement



CTS heterodyne receiver system

Probing
beam from the gyrotron

S

Notch
filter

e

Receiving
beam

Mixer

Fast

digitizer

<6GHz
amplifier,

32 channel
filters

32 channel 32 channel
diodes video amplifier

Local oscillator(74GHz)

data acquition

Frequencyz3GHz
spectrum

32



Analysis excluding heating effects

LHD CTS #91758

% 40.00 1 X} 1

- =

= 20.00 " - 17k -

7 o

w (7))

: , ekl et ekt
0.00

~— 1 o |

 40.00 1 X} 1

- =

{%2000 I* @wv A M - %- -

5 000 : [ e 8 e o s o o |

CTS3(eV)x 1

S

=

[

I

/
/:TST{EV]K 1

WD i W oy i i el g

0.00 1

~ 4000 b Effect of heating d T | TEffect of heating -
5 : & :

3 turning on d t“nmﬁff

3 20.00 Sl ST, B | i
© 0.00 : O |

1.00 1.05 110 1.00 1.05 1.10
time (s) time (s)

Signal of 1~72ms just after turning ON and OFF of gyrotoron was used.
Step function was fitted for this time window . (Kubo et al.; 2010 RSI )



Te0 (keV) ng (10 m°)

Time evolution of normalized CTS

Ps/n, [10'1geV m3]

spectrum
160keV 40keV 40keV 160keV
1000 |
100 3
10 3
L€
-2

Frequency [GHZ]

Snap shots of CTS spectrum
at t=4.513, 4.5992 and 5.93 s.

*The CTS spectrum responses to
NB#4(40keV) injection

34



a=1/KA,4<1 (KA >1) is required to see ion thermal motion from

the scattered radiation

Small green dot; Electron Electron shields ion charge
Large Red point; ion

lon move toward the arrowed direction,

KAy >1
Electron follows ion Electron does not follows ion
movements. (Collective movements. Moves
motion) independently (incoherent

motion)



Fine spectrum measurements by using

igh speed sampling

digital oscilloscope (6GHzBW Tectronics) and digitizer (NI).

(Collaboration with Fukui Univ. and RISO.)

e Altough data length and resolution is limited (5ms for oscilloscope , 50ms
for digitizer, bith 8bit), fine structure of spectrum of bulk components can
be measured.

e Especially, this is powerful to monitor shift of gyrotron frequency and
parasitic oscillation.

LH10219
0e H --------------------------------------- H 1 "« Broadband chamdls = 4632 |
R — — . — e A— RS S —
Spurious - 0_6 SN S S S |4 T N i
mode? I - AR SN S \ | 1| A
§°-4 H """""""""" . B 1 S S S |
%0-3 """"" e B i 11 L """"""""""""""""""""""""""""""""" ‘
I | N T N A s Il [ M | 4o
S Y L 'M \I'
0.1 il -l AR (] [ i "' I \|1 |
R | O O ‘.‘! W il M
1 15 2 25 3 3.5 4 45

Frequency Hz

Comparison of CTS spectrum from digital oscHIoscope
(blue line) and filter bank output (red point)



Measured Scattering Configuration

Probing beam Receiving beam

3

1.2 —l“'”_

34 38 42 46
R (m)

B=240T
R=3.6 m

k® ~ near perpendicular
k3 £B ~ 80 degree

1t resonance exists in
the confinement region
even avoiding it on the
line of sight.

O-mode for both probing
and receiving beams.



History of collective Thomson scattering. This diagnostic had a hard time.

Collective Thomson scattering has sensitivity to ion thermal motion. From
late 1970’s, the developments started. However, it was not very successful
(pioneer works were done by Woskov, Behn). This is because good source
was not available for collective Thomson (A>0.5mm). This is big contrast to
incoherent Thomson scattering. Good source are available around 600nm
using heating NBl appeared and it provided “impurity” ion temperature with
good spatial resolution (¥cm) and reasonable time resolution (~*100msec).
People started use CXRS.

However, in the end of 1980’s, collective Thomson was proposed to measure
fusion product in the future reactor (by Costley, Bindslev). Also, in the
experimental device, it was proposed to measure externally injected fast ion,
which can simulate fusion products.

Preliminary data was obtained in JET in the beginning of 1990’s. In 2000’s,
excellent data was obtained in TEXTOR and ASDEX-U. In LHD, collective
Thomson started since 2008.



Upgrading after last LAPD

1. Increase of channel of filter bank from 8 to 40.
2. Install of fast digital oscilloscope and fast digitizer
3. Change of scattering geometry
Tangential viewing to increase contribution of parallel

moving fast ion

4. Fast sweeping antenna to check antenna alignment



Frequency (GHz)

Change of the gyrotron frequency was measured fast sampling
digitizer

3.02 T | | |
Gyrotron #3

3.01 Triggered from Ic SR T L PG RBRA  BSR

3.04x10" AR e ""0
3.00 - . 5 | Aot _

‘8; .—so
2.99 |- - : I
2.98 - 7] ‘

S 00

L .01

2
297 | | ] ] 0.0 0.2 0.4 0.6 0.8 1.0x10°
0 10 20 30 40 50 Time (s)

Time (Mms)



Power (dB)

-70

-80

RF & IF filter characteristics

All RF & IF
components
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77 78
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-60

used are
1 measured by

"1 1 Vector Network

Analyzer (VNA)

Central dense
channels give
bulk ion
temperature.
Sparse

» Channels of
both side give
high energy ion.




Velocity distribution function g(u)
f(v|,v,) is projected onto fluctuation k°

3.0x10°

2.5

 For understanding the -

measured CTS spectrum, E 15

distribution function f(v v )is>"

calculated by GNET code with .
measured T and n. ol |

-3x10° 2 2

o -k
gu,9) = ff_mf(v",vJ_)J (VITI - u) dvdv,

Calculated distribution function f(v,,v,) for
LHD#97496 t=0.451s.
10 F T

6

e Fastion density of ~10''m™3 i
e We have just started the 3 w0
calculation, and will compare i
between the experimental and |
the calculated results. o° RN VI ISR B
-6 -4 -2 0 2 4

u (106m/s)
Distribution function g(u) projected onto k?.



Comparison of Exp. / Cal. Spectrum

O 1Co+2Ctr

® 1Co+2Ctr+1Perp

Te=0.8keV, Ti=0.7keV, without NBI
Te=0.8keV, Ti=0.7keV, with 40 keV NBI
Te=0.8keV, Ti=5 keV, with 40 keV NBI

x 100 Measured data are used for

1000 ;" S calculation.
_ s e T.,=0.8keV
= e T,=0.7keV
= ¢ n,=2.5x10*m-3
> * N =0.25x10¥°m3
T - - 10
2 100 | ]
[T [
o
|
o
% « T,=0.7keV is better fitting than
o T.=5keV.
© 10 | i1 « Measured data seems to have
s : ] an offset of +0.1GHz.
8  P(3.6,0,0), R(3.6,0,0)
Q.
7p)

ai .y L1
15 1 05 0 0.5 1 1.5

frequency (GHz)



Method of analysis

 Raw data of several modulation periods are
rearranged in time relative to the turn on/off

time
 These rearranged data are fitted with the
function

Vi = (a+dal H(t))t +b-+Hob- H(t)
Here.a, da, b, dbare fitting parameters and
H(t) is Heaviside step function defined by

0 for t<0

>
H(t) = (1 for t>0

® ®a corresponds to background

increments/decrements due to heating (change in
slope)

|‘ Ob corresponds to increment/decrement due to
ccattered <ianal over backaroiuind (ectenwice chanae)




