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Study on three—-dimensional structures of impurity ion
distribution in stochastic magnetic field layer of LHD using
high spatial resolution EUV spectroscopy
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Summary of thesis contents

A space-resolved extreme-ultraviolet (EUV) spectrometer has been developed to study the edge impurity
transport by measuring two-dimensional intensity (2-D) distribution of impurity spectral lines emitted from
stochastic magnetic field layer in which all the impurity ions have a non-uniform density distribution. The
2-D intensity distribution can be observed by horizontally scanning the space-resolved EUV spectrometer
during a discharge with long pulse length of 6-8s. The full top-to-bottom 2-D intensity distribution of
impurity line emissions is completed by superimposing a few 2-D distributions measured at a different vertical
position. In Large Helical Device (LHD), however, high-performance plasmas have been produced with
high-power negative-ion-source-based neutral beam injection (n-NBI) at short-pulse operation of 2 s. A
major upgrade of the space-resolved EUV spectrometer system was then required for the study of
three-dimensional (3-D) structures of impurity ion distribution in stochastic magnetic field layer of LHD.
The performance improvement of the EUV spectrometer system has been carried out by installing a
high-frame-rate charge-coupled detector (CCD) and a polyethylene terephthalate (PET) filter, increasing the
horizontal scanning speed and adopting an intensity normalization method.

Since the high-frame-rate CCD can be operated with a relatively short sampling time of 50 ms for the 2-D
measurement, the horizontal spatial resolution is significantly improved. With the increase in horizontal
scanning speed, the 2-D intensity distribution measurement is applicable to NBI discharges with short pulse
length. The intensity normalization method is adopted for data analysis of the 2-D image of impurity line
emissions based on a rapid temporal behavior of those line emissions measured with another fast
time-response EUV spectrometer. A blurred image influenced by the temporal intensity variation during a
discharge and shot-to-shot intensity variation among two or three discharges can be almost eliminated from the
full 2-D image after applying the intensity normalization method. A 0.5-um-thick PET filter is installed in
front of the entrance slit of the space-resolved EUV spectrometer to reduce the spike noise induced by
high-energy neutral particles in NBI discharges. The PET filter can perfectly block the neutral particles
originating in 40 keV positive-ion-source-based NBI (p-NBI) and also slightly change the direction of neutral
particles originating in 180 keV n-NBI. As a result, the spike noise is almost eliminated from the EUV
spectrum in NBI discharges. Thus, the 2-D intensity distribution of impurity line emissions located in the
stochastic magnetic field layer is excellently observed with a good signal quality for helium, carbon and iron.
The present upgraded system has shown a sufficient performance for the study of 3-D structure of impurity ion
distributions in the stochastic magnetic field layer. In addition, the upgraded space-resolved EUV
spectrometer is absolutely calibrated on the basis of the profile measurement of visible and EUV
bremsstrahlung continua, and the calibration factor is obtained as a function of wavelength in the range of 60 —
440 A. The calibration factor of the present upgraded system is comparable to that of the original system
indicating similar detection efficiency between old and new CCDs.

The poloidal distribution of the impurity line emissivity has been evaluated by analyzing the 2-D intensity
distribution against magnetic flux surfaces calculated with a 3-D plasma equilibrium code, VMEC. The inner
and outer boundaries of edge impurity locations are estimated by analyzing the vertical profile of each

impurity line emission measured at different toroidal positions. The observation chord length passing
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through an emission contour is calculated from radial thickness of the impurity emission location. The

poloidal distributions of CIV, CVI, FeXV and FeXVIII with different ionization energies are thus reconstructed
from their 2-D intensity distributions. A non-uniform poloidal distribution has been clearly observed for CIV,
whereas the FeXVI1I1 emissivity distribution is almost a function of the magnetic surface. It is experimentally
confirmed that the poloidal distribution becomes gradually uniform as the ionization energy of impurity ions
increases and the radial position of impurity ions changes from the ergodic layer toward the plasma core. The
non-uniform poloidal distribution of the CIV emissivity is well explained by a simulation with 3-D edge
plasma transport code, EMC3-EIRENE.

The detached plasma has been achieved in LHD without external impurity gas feed by supplying the
resonance magnetic perturbation (RMP) field with m/n = 1/1 mode at outwardly shifted plasma axis position
of Ry = 3.90 m where the magnetic resonance exists in the stochastic magnetic field layer. Impurity carbon
radiation has been studied to clarify the physical mechanism triggering the RMP-assisted detachment.
Resonance lines of CIII (977.02 A, 2s2p-25%), CIV (1548.2 A, 2p-2s), CV (40.27 A, 1s2p-1s%), and CVI
(33.73 A, 2p-1s) measured by vacuum ultraviolet (VUV) and EUV spectrometers are used to estimate the
radiation power from C*—C°* ions because carbon is the most abundant impurity element in LHD. The
partial carbon radiation at each ionization stage of C** to C°* ions, P (C*"), is estimated for attached and
detached plasmas by calculating the ratio of the partial carbon radiation to the resonance line based on ADAS
atomic code. It is found that the Py (C3+) localized near a radial location of v/2r = 1 in the stochastic
magnetic field layer is much stronger than Pq (C**), Prag (C*) and Prq (C**) for both the attached and
detached plasmas. The P4 (C*") is extremely enhanced during the plasma detachment with 6-O island, i.e.
P rad (C3+)/P,ad~40%, while it is only 8% to the P4 in the attached plasma. Therefore, the P g (C3+) plays a
key role in the enhancement of edge radiation during the RMP-assisted detached plasma.

In order to understand the role of edge impurity radiation in triggering the plasma detachment, the vertical
profile of edge impurity ions has been measured during the plasma detachment with the space-resolved EUV
spectrometer. It is found that the radial position of the top and bottom edge peaks appeared in both the CllII
and CIV vertical profiles shifts radially inside after the detachment transition and the change in the radial
position is different between the top and bottom edges, while the CV and CVI positions do not radially change
at all during the detachment transition. The sudden change in the top edge peak (AZt) is much larger than
that of the bottom edge peak (AZgotiom), 1.6. Aoy ~ 70 mm and AZggom ~ 20 mm.  The difference between
AZ1op and AZgoom Observed here indicates a clear evidence of newly appeared m/n = 1/1 magnetic island in
the plasma edge during the plasma detachment. The result concludes that a big magnetic island can be
created by the RMP field given in LHD even if the magnetic resonance exists in the stochastic magnetic field
layer.

Vertical intensity profiles and 2-D intensity distributions of edge impurity carbon emissions of ClllI to CVI
have studied during the RMP-assisted plasma detachment. The 3-D structure of carbon line emissions has
been carefully analyzed with 3-D magnetic field structure in the stochastic magnetic field layer based on the
2-D intensity distribution measurement. As a result, it is found that the CIlI and CIV emissions located in the
stochastic magnetic field layer are drastically increased near the island O-point and in the vicinity of both the
inboard and outboard X-points during the RMP-assisted detachment, while those emissions are enhanced only

in the vicinity of the outboard X-point in attached plasmas without RMP. The result clearly indicates an
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enhancement of edge carbon radiation and a considerable change in the magnetic field lines connecting to the

divertor plates due to the appearance of the temperature flattening and the big magnetic island. In contrast,
the CVI emission located radially inside the m/n=1/1 island entirely weakens the intensity during the
detachment, suggesting an enhancement of the impurity screening based on the density gradient force along
magnetic field lines. The measured carbon 2-D intensity distribution is also analyzed with EMC3-EIRENE
for attached plasmas without RMP. It is found that the impurity trajectory along edge X-point and its width
are sensitive to the cross-field impurity diffusion coefficient, Dz ,. As a result, the value of Dz, for c* ions
is evaluated to be 20 times larger than that of the bulk ions in the R, = 3.90 m configuration. The 3-D
structure of carbon ions along edge X-point is also well explained with the structure of m/n=1/1 magnetic

island quickly expanded with appearance of the plasma detachment.
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Summary of the results of the doctoral thesis screening

BT T A DEEMFOTLDODOX A N—2BAMHIHEZBHE LT, FEEMTI X~
D FEPFEIICED LN TWD . BENBL D AT A ZEANL, £ OKH#EKEF
ALUTHEMT 7 A E2AER L TWDR, BERBEMERNRE P LERoTNDH. —
7%, LHD CILJEH S i & Lz LB E) (RMP) B4 W TRt 7 X~ DA
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RV Z AT NVERT 4 NV —DBEN, AT v TE—F KT A N—%EIC K D0 R
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TR NRBET LA T NT MY v 7 AXEIE OB BEE N B LD, 0
BBEEBEDEEL, BRBENR KIS ZH S CIHEEMIREBICBRITT S 2L 2H LN
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ZF DR TSR IR O M DAL F A FE DE WIS U TE L L, BER BRI HE S e
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FREL 7.
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