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SUMMARY

ITER i1s a scale-up equipment based on the results of several fusion
research reactors around the world, such as KSTAR, DIII-D, NSTX, EAST,
ASDEX. Including ITER and various researches, the tokamak is thought as
main type of reactor for achieving the fusion reaction.

In order to achieve stable fusion, detailed diagnostic studies of the plasma
state are necessary. To understand the plasma state more precisely,
researchers are dividing the inside of the fusion reactor into CORE, EDGE,
and DIVERTOR and diagnostic tools on each sectors are developed for many
plasma composing components, such as ions, electrons, and neutral particles.

The poloidal magnetic diverters used are expected to be used in the future
Tokamak fusion reactors, including ITER. In Tokamak with poloidal diverter,
both a high-recycling regime of Divertor and the H-mode which improve
core plasma confinement were found.

One of the main issues on divertor is the reduction of thermal flux (up to
10 MW). Plasma near the divertor is composed PFCs material, hydrogen atom
and molecule etc (netural particles).

The main processes in divertor region of the radiative divertor are impurity
radiation loss, the plasma-neutral interactions and the recombination of the
plasma. When some conditions of the heat flux coming into SOL from core,
the impurity radiation loss in the SOL and divertor regions and the upstream
plasma parameters are satisfied, Ultimate detachment is possible. However, in
H-mode the magnitude of the heat flux coming into SOL can change vary
largely in time due to bursts of energy and particle loss from the core
associated with excitation of ELMs driven by magnetohydrodynamics

instabilities. ELMs can break the detached divertor by heat flux of come into



SOL. So, the control of ELMs is related to detached divertor stability.

Article by S.I. Krasheninikov [1], in low temperature plasma, the inequality
of the effective ion—neutral drag force causes the reduction of the plasma flux
to the divertor target and the plasma detachment occurs. However, both the
impurity radiation loss and plasma recombination are responsible for the
reduction of the plasma flux to the divertor targets, by ion—neutral interaction
1s crucial to balance the high pressure further upstream from the recycling
region. Therefore, the physical effect of hydrogen neutral particle takes crucial
role in recycling regime. The electron density, the electron temperature and
hydrogen neutral density are important parameters in divertor diagnostics.
Thomson scattering is the only method to measure the absolute electron
temperature and electron density both. LIF and DTS (Divertor Thomson
scattering) are the method to measure the neutral density based on
CRM(collisional radiative-model). However, Thomson scattering diagnostics is
difficult to distinguish the signal from noise due to the low electron
temperature in the Divertor, LIF introduced in ITER recently, is not easy to
optimize the number of laser absorption wavelengths.

In order to identify the boundary conditions in the Divertor at low
temperature, this thesis studied both the polychromator with the grating to
measure the signal of Thomson scattering and the measurement of hydrogen
neutral density using Rayleigh scattering with several wavelength of OPO
laser (optical parametric oscillator laser).

Rayleigh scattering is the result of interaction between the incident light
with specific wavelength and the particles of smaller size than the
wavelength. Therefore this scattering is possible to measure the density of
hydrogen atom which comes from the recombination of hydrogen ion and
electron at low electron temperature condition in the Divertor. The
cross—section of the scattering is inversely proportional to the square of the

wavelength.



In this study, first we calculated the theoretical intensity and cross-—section
of Rayleigh scattering using both the emission spectrum of hydrogen
CCP(capacitively coupled plasma) and the operating wavelength range of OPO
laser to avoid the interference with Rayleigh scattering.

The output of Rayleigh scattering in UV range showed similar or stronger
intensity despite the intensity of OPO (visible to NIR) output is up to 40
times weaker in theoretical calculation. Usually Rayleigh scattering is
advantageous for short wavelengths. Rayleigh scattering can be stronger
although the weak power of OPO laser at UV wavelength.

However, UV was not used in the experiment because it has higher energy
(5.07 eV at 245 nm) than the binding energy (452 eV) of hydrogen molecules
and the excitation energy (136, 3.4, 15 eV) of hydrogen atom. So, the
wavelengths of 440, 532 nm were chosen to measure the neutral density of
CCP type hydrogen plasma at 22 - 95 mTorr of pressure.

In the RF hydrogen neutral density CCP, the minimum hydrogen atom

% when Hydrogen neutal density was

density, was calculated as 1.31 X 10 m
729 x 10° m”® at the pressure of 22 mTorr. This value is similar than
neutral density of ITER divertor.

To use Thomson scattering diagnostics, it i1s required both a high-energy
pulse laser and a polychromator to measure the wide wavelength range.
Polychromator is comprised of band-pass filter to separate the wavelength
ranges, and APD to measure very weak signal of Thomson scattering.
These filters have the fixed wavelength ranges. It is not suitable to detect
wide range of electron temperature.

In this study, the polychromator with diffraction grating was develop in
order to overcome the disadvantage of the fixed transmitting wavelength
range. The polychromator using a diffraction grating, it is composed 3 major
process: dispersion, separation and detection.

The main device of dispersion part is the 300 grooves/mm grating. it was

Xi



chosen by considering the size of optical component and polychromator.

Three methods have been studied to separate the dispersed wavelength
image into several channels(the separation part). These are the beam splitter
using reflection/transmission, the reflective beam splitter and the plastic fiber
beam splitter. Among them, a plastic fiber beam splitter was used due to
easy in focusing the image and efficiency of wavelength selection.

When the wavelength range was divided into 150 - 160 nm, 40 nm was
overlapped. This value was obtained by installing a block. It is lower than
the 100 nm overlap of wavelength before the block is installed. The low
intensity peak was shown at 900 nm, which was caused by the material
properties of the plastic optical fiber used for channel separation.

The detection part which measures the wavelength signal of each channel, is
composed of APD, power supply and DAQ. This part can detect the
integrated plasma emission spectrum of each channel using APD with signal
sensitivity higher than CCD.

In conclusion, the plasma diagnostics using Rayleigh and Thomson scattering
in ITER divertor was studied. the results are mention below:

First part, the effect of wavelength on Rayleigh scattering were studied in
this thesis.

The hydrogen neutral density was measured by Rayleigh scattering using
440 and 532 nm. When comparing the two results, almost identical values
were obtained. The usefulness of 440 nm, incident wavelength in Rayleigh
scattering was confirmed environment for plasma diagnostics.

The density of hydrogen atom was obtained as 1.31 x 10 m*® when 7.29
x 10®° m™® of neutral density at 22 mTorr by Rayleigh scattering.

Second part, Polychromator for Thomson scattering system has fabricated
using the diffraction grating to overcome the disadvantage of fixed band-pass
filter. By changing the wavelength range of channel, the details of electron

temperature can be measured with the polychromator.
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Table 1-1-2-1 dlo]# u=d &9

Am

3

Wavelength (nm) Power (mW)
215 7
235 27
245 40
260 37
300 28
320 14
355 15
410 300
411 323
412 341
413 351
414 369
415 370
416 370
417 395
418 344
419 355
420 363
430 392
470 304
500 263
532 227
600 120
630 110
670 51
710 34
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3) YA E, ddE A" AE FF

3.1) 928 AF AF =4: 532 nm

(1) ALPAT N5 A

A 5 el web EezutE AR @ 2N TR FEERAA
2ol whel RetE S 2ddte] 532 nme #lol A RS YAA T B L

A% BASAT. 1 A3}, Table 1-3-1-1¢ veERAHEES} 2Fo] qHe

30.78417 x 10 m™(95 mTorr), 22.68308 x 10° m (70 mTorr), 12.31367 X

10 m (38 mTorr), 7.29166 x 10° m™*(22 mTorr)¢ #< do] WAAS W

Atk o] ARE A 1-3-1-1° Hetlth o] w AEHE FAYAL == A

1-3-1-2¢] 298 K¢ Bx=ntd52 2 gsto] A4g groloh

of Mo Pus FehzuhE BAYNIA RS AN Q& BWINEE AR
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>
FX‘i 1->
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‘{S_]_— %)\—O]—'j—, Plaser(%%, mW)+= Eﬂo] Z1 %@1, Pehamper— %E

u
mTorr). ©] ZA¥3+= Fig. 1-3-1-1, 29 vebdich @ de] Ak

Ve HEgS
oA &g o g Ur olfE dolA 9 stability’} 20 - 50 %= =7] wj&o|t}.

Table 1-3-1-1 ¢2o] e AW 3 FHAADE: Sepzv} AX ge 22

P . ;
TESSHTE Prei/Plaser Neutral density (X 10* m™)
(mTorr)
95 16.96271 30.78417+0.00008
70 16.46890 922.63308=0.00008
38 15.83682 12.31367+0.00008
22 15.53070 7.29166+0.00008
P“f =0.01964 X P, +15.09489 1-3-1-1
laser
2 1-3-1-29] R*3te 0990]th. o] Aom FaZazuzos] 94& 532 nm

VAtg ZANA Pogna/Prser Bk S HSHO], o] w2 Fehzoh o 49

AAEE Axetdl A,

16.40526 £
= 10. X
i Plaser

—247.49347 1-3-1-2
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#Bza ZAN FAYALE =3
(o3

?:ILE:]‘V oﬂ Eq—{‘l}— % /1\_]:‘_2‘—%}]\‘% Pplasma/Plaseri 7:”}1\1‘8]'04 OHLE%]JZ—@ 95, 70, 38, 22
mTorr 27X Z+7} 16.96270, 16.46889, 15.83682, 15530705 LTt °] FHE

S A 1-3-1-2¢1 tidste] Seh=vt 2xolA FAYALEE ALFEe] Table

H
m 2 Azt o2 By, ¢t wal AgH oz 7Aasth 95 70 mTorr &
00 x 107 #Zrxstdh. ol AU E o8 o]z It

1
Av), o Aol2 AFAe] s 1 Aol oF 100 x 10° m? Aol 1

Table 1-3-1-2 S+l w& AW WF FAIYAL = Eeh=r =4

Plasma No plasma
Pressure
(mTorr) p p Neutral density P_/p Neutral density
plasma laser (>< 1020 m,S) ref; laser (>< 1020 m,g)

95 16.96270 30.78403 + 0.00008 16.96271 30.78417 + 0.00008
70 16.46889 22.68295 £ 0.00008 16.46890 22.68308 + 0.00008
38 15.83682 12.31368 = 0.00008 15.83682 12.31367 £ 0.00008
22 15.53070 7.29170 = 0.00010 15.53070 7.29166 = 0.00008
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3.2) ddgidE 2534 440 nm
(1) A4 A5 HA:440 nm
3 532 nmE |4 FAUAEE S Y v R AFE s
th 1 A3 Table 1-3-2-1°] vepdnte} o] St o] wet Pry/Pusadits Ao
Fig. 1-3-2-13 2¢] yeplith el dig Asel 24 1-3-2-13 A& g

FAAUEe] 4 1-3-2-28 At} o] 29 R 0.990]t}.

_I

N3 Pr/Pu® 20 40l ek H¥402 428 o 4 Aok A5 29
%}1\_% E—‘ﬁ, 932 l’lmoﬂ ﬂ]@ Pref/Plaser7]' 17/]{7” %Zéﬂ%]\]:]'

Table 1-3-2-1 $}=Holl W& A W F FAJALE: S=2v AR g2 =27
Pressure .
Pret/Plaser Neutral density (x 10° m™)

(mTorr)

95 12.05169 30.78417 = 0.00008

70 11.55788 22.68308 = 0.00008

38 10.92580 12.31367 = 0.00008

22 10.61968 7.29166 + 0.00008

5= 0.01967 X Py, +10.1819 1-3-2-1
laser

ref

n, = 16.40526 <

—166.92694 1-3-2-2

laser
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(2) EBHzv 28004 FAYALE 24 YAHE 440 nm
A AN 532 nmst AR R Zerzel o FAAALEES 2Hes] 9
sto] QATFFRS WEAA w4 AT 0] Ppaama/Praser ]
Zotzrl Y SAJAEE Ad= Table 1-3-2-29F Fig. 1-3-2-3¢ e T
o] 18 EE HW Ppasma/Puaser #°1 =0l 95 - 22 mTorr=Z 7FAF ] et
EAAARES} stk 4E 05, 70 mTorr 2AAE 2Z Basgo

?:l]-g:]‘l 387 22 mTOITOﬂ }\i 'LL_: Pref/Plaserﬂ' ?:_1 j] —5‘]'%]\ q

‘|—‘

i
B\

Ve &

Table 1-3-2-2 k&l w2 AW F SAAdAELE: Sh=r =24

Plasma No plasma
Pressure
(mTorr) Poon/Poes Neutral‘ density P /P Neutralqdensny
(x 10 m™®) (x 10° m?®)
30.78400 =+ 30.78417 +
95 12.05168 12.05169
0.00008 0.00008
22.68292 + 22.68308 +
70 11.55787 11.55788
0.00008 0.00008
12.31365 + 12.31367 +
38 10.92580 10.92580
0.00008 0.00008
22 10.61968 7.29167 + 0.00010 10.61968 7.29166 + 0.00008
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AW WF o] 120 mTorr7bA] F7hshel whel A& =7F J A3l 3FAshal
EEPF= @A 3] v oA HAE 7H3 olF W= Ex o] FeyEs Bl o]
EEPF W, &899 80 - 120 mTorrol Al AU AE 7+ HAAH3 eV wwh7t
B2 olfE Zeh=ut WA FE Exef AATE FEEe] EAE A7 7E
Ho(etHs(v=0)) — e + Ha(v=1, 2, 3)) W&} F2 S0l H o] Axe9} FE3}<]
FAa9AR JHEHE AMH +e (= 1eV) —> 2 + Holl &3 Zo] Yslolgtn
SRR BA-AAZEY FEo] W wj$ e F o] dAGk (05 1.0,

15 eV)& 2t7] wZolth. webA 3 eV ol ol|AE zte ARSI A2 A

o] Ht}l #H W9 80 - 120 mTorrol Al EEPFY 74 & EAHE HAA} oA
15 eV AE9 =2 ouyxdde Sr7l2 Aygd 4 Q) o] 15 eV o] 3y
A G FadFdAM =2 A7 22 AR FE&9 Ao Egstr] dTel

ambipolar potential barrier 2.t} %< o|U A& zt= HAAIvto] 2~ HrEof 935}
o] 7k&d & gtk EEPFolA #dzte] aeiAg o] &A= =

s A7l ZRA Iz st uFEHoR ofrjd ZA7E AP o] oA
5 2te ARt ofrjE BEAls Fhgoles AAATZI=d Zad 3ol
A W& ] Geddes wo] g = [27]A4 & & Ak o] =wed w

2Y o] meh FaRAd oo AAWE, FaAA W B4 oL AN

J. Kristof ¢ +=& [21]o] w2W, &2 0o] 400 Wl 44 CCP x=d A &g
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%, 23 % AEolt} ol EMeirny Fadas ¢go] 10 Pad W), 750 X
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1.1) s2AA XA
BEAbE gl oS A A8 WWE FAEQ spherical mirrorE £38te] 2 o] @

=5 &tk olE ALFe7] 9siAl= spherical mirrore] ZAHAE, 34 A =t}
spherical mirror?te] AYE wigo=  oju|x] zHAZ Aike] Hgsr
spherical mirror?] =74 A 27} 200 mme®] 3L, spherical mirrorell 3}79 <1k QAL
st av 250 mmE HRe R ojuz] - A bE AL ¢ 1000 mm H %

Ak (3 AZE 76 ° 7%, APAA TN B1 Alghel mekA AAbzte] 1)

1,1 1

1,11 2-1-1-1

a b f

m="=Y 2-1-1-2
a y

Spherical
mirror

A
b f a vy

Fig. 2-1-1-2 ¥ 333 2 spherical mirror 48 A ALt
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ol Htgro 2 A7 W3l olm A9 A7]= 170 mm otk o] W, A]AE]
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M EE A& HHE E¢ 7491 spherical mirrore} 3] 4 A =#}71e]
A7k 250 mmed wf, Boh H§2 spFgd o] vHE JAskA "k o= H4
e e dste FFdGdS B3AE F v 9ulola st 3 d
mA 27)7F Aok &Aoo 3% 4 qlvk wekA spherical mirrore] 7
A B "Ag 250 mm ool Aglel 210 mmeolA A A olnx =
715 gelete] Fig. 2-1-1-4°] yedlleh o] 29& ®W 880 - 1050 nm 7HA|
ojm A7} ¢k 60 mm = BAHJT. ol It dot= 3 HARY Fo 1
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o] F&H3sH7] flsto] WAL WIAEEE o
ol& HolA X3ttt ol wek h1S Fvl
7] #138te] spherical mirror®] A& At FHH= onAS A5
o L olfre F5I AAY FAS EFolof Ant o] HhdtedH 247
7F #ow iabzbo] AAMA Fmprt @ AEy] 7] otk wheba Ao W
743} spherical mirrore] 28 A#E 200.0 mm, 304.8 mm, 508.0 mm= 27 &

—

Zalol st

A2 7} grob A 7] wiZell Abekge] A

65 um 400 um (NA 0.39) 600 um (NA 0.39) 1000 um (NA 0.39)

Fig. 2-2-2-3 Spherical mirror =842 200 mm & o,
Fa A E AAdE oln A

ofel whe} FAME om A 9] ofj=o] Fojar|el wE Sle] oy gtal etk o
spherical mirror®] =8 A2 & @& ste] FA 3t Fig. 2-2-2-4¢] YE-W . Fig.
2-2-2-3° 41 1000 ym F4F WA =HAE7F a) 200 mm, b) 304.8 mm, c)
508 mm <! spherical mirrorel] & A E ojujxjojt}. o]E HW o3| =3
Z ol u A 7} yrEp skt
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Fig. 2-2-2-4 Spherical mirrore] ZX A2 W, ojulx] W]l

a) 200 mm, b) 304.8 mm, c) 508 mm

4o
i)
&3
>~
>
A,

spherical mirror 7 olu A& Agultt OESE &=A A7 ¥, uo]v]
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ol AHFHoR FRlstuxt AARe ALE Ey 7HAFI A olHAE
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