K 4

FAL (F B o7 %)

¥R E R

FAEEOH A

FNMNFESOEMS

A CEA

B 3ERMING TINGFENG)
B (1)

WU RH S 1544 &

TR 2449H 288

MEREHER EMeBEER
AR BISB6LEIIEZY

Development of high—speed vacuum ultraviolet imaging camera

system for high—temperature plasma diagnostics
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In order to achieve economical fusion reactors, high beta operation is required.
When the plasma beta, i.e. the plasma pressure divided by the magnetic pressure,
increases, induced pressure gradient drives MHD instabilities. Therefore, the
understanding.of the MHD instabilities is a key issue to realize high beta plasmas. The
spatial structure of the instabilities is essential in understanding of their
characteristics. Computed tomography (CT) using the soft X-ray emission is one of the
standard techniques for that purpose. In the Large Helical Device, the arrangement of
detectors suitable for the CT is difficult; due to the superconducting coil systems, it is
not possible to arrange the détecto.rs in a way that the plasma is observed from
different directions. The tangentially viewing imaging system has been thus used for
observation of the core MHD activities. Similar tangentially viewing imaging systems
have been also developed on many devices around the world. However, those imaging
systems are using soft X-ray emission, which are good for observation of the core
plasma activities, but not good for the edge plasma activities. A newly developed high
speed imaging system using VUV emission from the edge LHD plasma is presented in
this study.

The imaging system is composed of a telescope made of Mo/Si multi-layer
mirrors, micro-channel plate (MCP) and a high speed visible CMOS camera. With
Mo/Si mirrors, VUV photons with Wavelength of 13.5 nm can be selectively measured.
A telescope optics rather than a pin-hole optical system is selected; the solid angle of
the mirror viewed from the plasma is much larger than the solid angle of a pinhole
system. Therefore, a faster optics, suitable for fluctuation study can be constructed. A
Zr filter is installed to cutoff the low energy VUV photons which can also be reflected
by the Mo/Si mirrors. The image is then detected by the MCP and recorded by the high
speed camera. By measuAri»ng the CVI line emission around 13.5nm, edge MHD
activities are directly visualized by this device. Additionally, since the time evolution
of line emission of C VI is selectively measured, it is possible to carry out carbon
impurity transport study with this imaging system. '

Data analysis methods for imaging data have been developed in this thesis.
Since the imaging data are line-integrated ones, tomographic reconstruction of a local
emission profile from the line-integrated data are required. Construction of the
so-called geometry matrix by which the local emission 1is related with the
line-integrated image is discussed. If an arbitrary three-dimensional emission profile
is assumed, reconstruction from a two-dimensional image is not possible. An
assumption that the emission along the magnetic field line is constant is made.
Thereby a new method to construct the geometry matrix is developed. In this method,
sight lines are projected to curved sight lines on a cross section (horizontally elongated

section in this thesis). The line elements in a sight line are connected to the line



elements in the curved sight line along the magnetic field lines. Then the CT problem
for tangentially viewing case is reduced to a standard 2D tomography problem with
peculiar sight lines. HINT2 equilibrium code is used to estimate the magnetic field
lines. With HINT2 code, the magnetic field lines are traced in finite beta conditions.
Magnetic field lines outside the last closed magnetic surface (LCFS) can be also
estimated by this. This is good for the VUV imaging diagnostics since it is possible that
C VI emission may come from the stochastic region which is outside the LCFS. After
the construction of geometry matrix, synthetic images can be calculated according to
the relation of line-integrated image and local emission profile.

The performance of the tomographic reconstruction method is investigated in
LHD configuration. Several algorithms have been tested, such as Phillips-Tikhonov
(PT) method, maximum entropy method (MEM), truncated singular value
decomposition (T'SVD). According to the phantom test results, PT gives the best
performance, and the spatial mode structure with high mode number (m~10) has been
shown to be reconstructed even with a complex LHD configuration. The noise level
where the reconstruction is available is investigated. The maximum noise level is
about 6%. The quality of the reconstruction results is however more sensitive to the
accuracy of the equilibrium magnetic field than the noise in images
A simple transport model has been constructed to study the behavior of the carbon
impurity. In this modeling, transport process, ionization and recombination process
are included. With this transport model, time evolutions of the C VI emissivity are
estimated assuming a transport coefficient profile. It is confirmed that the. CVI
emission is peaked in the edge region of LHD plasma in normal experimental
condition. ‘

Using this model, the penetration depth of injected carbon pellets is estimated
from the imaging data. The ionization process is dominant just after the pellet ablation.
Therefore, the image just after the deposition is used to study the initial deposition
profile. The estimated penetration depth is qualitatively consistent with the
estimation made by the pulse width of the H alpha emission signal that is caused by
the ablation of the carbon pellet.

MHD activities with low frequency (about 0.75 kHz) have been successfully
measured by the VUV imaging system. The amplitude of the MHD activities is fairly
large and degradation of the confinement is observed with this MHD modes. The
poloidal mode number (m=1) and the location of the mode (r/a ~ 0.9) is estimated by
comparing the synthetic images assuming the spatial structure of the mode and images
experimentally measured. The mode number is consistent with the magnetic probe
signal and the location is consistent with g =1 rational surface.

The proof of concept, this type of imaging system can detect fluctuations
localized in the edge region, is shown successfully. Although the maximum sampling

rate of this device is as low as 2kHz at the present moment, it is limited only by the
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intensity of the plasma emission. Upgrade of the mirror system is in plan. The data
analyzing technique developed in this study is shown to be quite useful in analyzing
the MHD activities. There are many applications of this technique. Verification of the
MHD model related with the resonant magnetic field penetration is an important

example and will be investigated in future.
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BIE7I7 X< MHD ZEMICE T AWM ELMBEHA CADERMEH IO TR LEELE L TH
BST LR TEY, AL SS X< MHD AEECET A HEERIBALADRECEE
M Br 5250 EEYEMRARELRoTNS. ‘

MHD FZEMHOKFMELZ2 IV E<ERTIZDIERAZERCER LEEHoEHBEEL
HETA2ZLENARARTHD. T CHEEBIXKARRRIEAS LV (C5+) BHEHAT S CVI
BEBICOVWTEZEESN (VUV) BRICHAIBB A7 b (4s-2p KT 4d-2p : 91.7eV)
DHEFBESHELBEXFELTRANTHERRITIHF LVWFEEERT S LIREY,
PEDE X REBHENEAVEHAECTRERCTER P oEEWVWERMBEE(1.2cm) L&
WIS ZQEkHZ) 2 EF 5 MHD £H O EMBEHAEORRBICEF L. HRFEITHE
REBEOFHFLNFERZXUTOMAEETS. (1) Co+REA A1 C4+L C5+O DD E
Bfr XL F— (392eV—490eV) THREIND VI X~ALHOBVEREBENICFE
LT3, BVWERBREEZETS. VUV ki ~ArTFFr 2 A7 v—RFE2HL
THIEL, AR THEXRCERIT I LICLYHESRD CCD LB L TR/
BHESMBEOE W C-MOS MHES 2k tEGRHEE LTHACTES. (3) LHDERY
TR DERFMEZRADBHRUMBIERHBERET DS LT, AnAFliEmLED 2K
TEESMMBTZFREICTA LI, EBICHIWERREREZBE L. (1) XXE2ENT
B0 VUV ERB7 4V EFERL, RV b A X - KFarR—F 2 bERE E#EE
THIEIW LV EMBERE EFREARENRESINTL.

BARN7S5X~D 2RTRENHAEBEDILDCHBRI I A0ERFAICERES SV
CVIARY MARIBESFAER A X VEERLO 2RTBFBIESHICEBRLT 5 LH
Bdbsd. HEZZLHAD Y5 A<0HFBR—% MHD FHEHE» LB LN 3 KTHE®E
BES — 2 2R BAREBESHAEZFEOR oA FVHECERETIFELZERETDZ
CWX D, 3%THWREEFETHSLHD 77 XAICBWTHERRBELIEGE AR ILREOR
BRCTRBAL, R X AVHERNBRESHOHAEET VEBAEREEEILETLZ &
FAMRIC L. ZOBERERAL, LHD 79 A~ 0EEF —F »pbBVHER B b —
VY NS ORERBETAZLICED, REEORZHRE MHD REEME T ARICRTZE
B E O R R LI HE RIS BB TRZh L 2.

HEZEEXECHEVWMED = FE2FTI3RALT 7 A~EHEB ~FEHATREELZRFT L.
Phillips- Tikhonov ERMEE O T FHEEZHRAT A LT, m=10 Lo EWnRa A F v
E—FREATARKEEDNO 2R TEMEERBRTETCHSIZLERL, AL —=y
JE— FERELTSEEE MAD & — FRFDFEEE— K (ELM) 283 3720 04t
WIBBEEHHELE (RMP) KX VAR EN I BREOHEATFRCBVWTLEDICHEET D
ZEERLE. RRCHBEEFRIERLEHAFERAMRESLVy PAHOBEARFAI
IGRATERZEEREL, CVIKARESMLLARAMPEEETT AV ERVKREILVY FO
MBBERESHAE2ENT L. BRI EBARZE cn OEHBECRET A Z LITHIIL,
WMFHBEEOBRFRAMEREEZE LESAREHICL BRI A ERFT R~ DEE 2
iZL7x&.

UED IS, HEFIZCVIOVUVEEZRAWERD Y7 A< 2 RTREFRZZHREL,
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BRTSTAOERFA»LOEBHRELRBEES L, MHD HEOERITKE
REBELEL. Lo TARIONARBMNOBE L +HET S LHE L.

TH2 BOHRITEECHEBELOEREEZTY, MENRZNWI L 2HERLEE, EET
ORRBEEMLEZ. RAXOREFLVHERIIL, NEZLVAN VST HEMBTE S X
FEALEHMEEOTRRRLbIE. BEZE,DIE, FBRN—F2EE L 3KRTHR
EHEOBEENER, RHBCEETNIMT LMEITGERLOBE, TAYB®%a— Nk
T AEBBRECHREEONEMNERS, HEOEBARCOVWTHEMAH Shi. HE
EREBEOEMEEL LHD ORAEEEE Y FITRELZ AV CEFNRERICERL
RE, TRAZTHOERICS L CHEREE 2Tk, £, 4 7u0Fx 27—
N OBIERHE, REBREOEDO BUV £BHE Y 1 VZ — 0B BI&ENE, BRHB2EORK
BEEMESE, ERMEOHMICET IEMCbEERRORREZIANOBREERER
HBRREFPEFRTAZLCEIVMRICLZ, ERPLEMIEELS+SOREBEFTL TN
Te%RLE. MEEIZSA 2l BRITOAEABRRREALBNTY, BEBERNICAR
FEELSE LD, HEUFERLT — FMTICHET 5 EMS MED £85I R Wikt E@y
YA ERICEL THHRIEELE.

HEEH IR S —Z2H L LC2HMAMRARLTHY, fhl1EARBETITH
5. $72, EBEABCLIFAORERDY, ABEERVRB T Ehd, BER
FEBTATARERTHEAEFLTCVAZ L E2ERLE. UEicky, BEFEELE
—HCRBEAK L L.
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