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The subject of the experimental work presented in this thesis is the application of
passive and active corpuscular diagnostic methods to studying the ion component
properties of a toroidally non-axis-symmetrical magnetically confined
thermonuclear plasma. The diagnostics are based on measurements of spectra of
the escaping neutral atoms. The experiments have been made on the Large Helical
Device hereinafter abbreviated as LHD. The complexity of the three-dimensional
magnetic field geometry of helical systems necessitates the application of
appropriate spatially resolved measurement techniques. A significant part of this
study has been dedicated to the diagnostic development.

The behaviour of energetic ions is a key issue for a fusion reactor. The single-
particle confinement properties of stellarator/heliotron devices are known to be
more complex in comparison with tokamaks due to the difference in the magnetic
configuration resulting in more complicated drift motions. For tokamaks numerous
experimental studies have been made on a wide variety of devices and generally
the fast ion behaviour is found to be consistent with the classical slowing down
theory. However, for helical devices the fast ion component properties have not
been characterized experimentally as well. Thus, the present work is dedicated to
contribute to the understanding of fast particle physics in helical systems with the
new diagnostics on LHD.

The introductory chapter I of the thesis explains the motivation and scope of
measurements. A brief review of the existing methods of diagnosing the
quasistationary plasma ion component is given, followed by an outline description
of the two diagnostics that have been installed on LHD in the course of the present
doctoral study. Physical basis of measurements and approaches to data
interpretation for these passive and active diagnostics are summarized in chapters
Il and V, paragraphs II. 1 and V. 1 respectively. The principles of operation and the
development of the diagnostic devices are discussed in detail in paragraphs II.2 and
V.2. Chapters II and V also explain the experimental setup, geometry of
measurements and technical realization of the two diagnostics.

Both systems are based on neutral particle energy spectrometers employing solid
state detectors. This concept has allowed to build a compact passive diagnostic for
simultaneous multi-directional measurements of the flux of energetic (above 10
keV) neutral atoms with a possibility of a two-dimensional scan of the plasma
column. Time and space resolved measurements of anisotropic distributions of
energetic ions created by NBI and minority ICH driven ions are possible with this
analyzer as well as measurements of ion temperatures.

The second system is an active diagnostic which uses an impurity pellet cloud as
an artificially created localized target for the charge exchange process. Thus, in this
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diagnostic a neutral particle energy spectrometer works in a combination with an
impurity pellet injector. High—energy particles neutralized at the pellet ablation
cloud are detected while the pellet travels across the plasma column. Time-
resolved atomic energy spectra translate into local measurements along the pellet
trajectory. In such a way the radial scan of the plasma column is performed and
local parameters are obtained in the toroidally non-axis-symmetrical LHD
configuration.

These new diagnostics have been used to investigate the behaviour of
anisotropic distributions of suprathermal energetic particles in LHD plasma.
Temporally and spatially resolved measurements have been made for a variety of
experimental conditions with pure and combined heating mechanisms for different
magnetic configurations with the magnetic axis shifted in and out in major radius.
The experimental results obtained with the passive diagnostic, their analysis and
physical interpretation are presented in chapter III.

The investigation of the slowing down and pitch angle scattering of energetic
ions has been made by comparing the experimental data with calculated theoretical
spectra obtained by an analytical solution of Fokker-Planck equation. Tangential
observations of the time evolution of the energetic distribution tails from NBI
heated plasma demonstrate the spectra approaching the classical shape during the
time interval comparable to the slowing down time. A more profound analytical
solution, compared to the experimental results obtained for different directions,
adequately describes both the slowing down and the pitch-angle scattering. The
effect of the plasma ion composition on fast ion distributions has been observed
and also found to be adequately described from the classical viewpoint. The shapes
of the calculated spectra below and above the injection energy and their behaviour
due to the additional ICRF heating are in a reasonable agreement with
measurements.

The other effects that have been observed experimentally cannot be described in
terms of the classical kinetic approach. Comparisons of the NBI-created fast ion
distributions measured in different magnetic configurations clearly show the effect
of improved fast ion confinement in case of the inward shifted magnetic axis. This
experimental verification of the optimization effect of the magnetic configuration is
very important for the prospect of a helical-system-based reactor design. The
influence of the radial electric field on the energetic particle confinement has also
been studied. The experimental results demonstrate the effect of the helical
resonance which may lead to losses of deeply trapped particles and thus the
deterioration of confinement. This effect is more pronounced when a large
negative electric field exists.

Chapters IV and V of the thesis are dedicated to the important issue of the
localization of measurements. In chapter IV a mathematical approach is suggested
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that can provide locality of passive measurements of charge-exchange neutrals. A
numerical method has been formulated to restore the radial distributions from
line-integrated passive measurements. The problem has been reduced to a
generalized Abel inversion and the numerical solution of the integral equation by
standard techniques for incorrectly posed problems. However, such an approach is
reliable and valid, but very complex for a practical diagnostic application. Therefore,
in chapter V the physical approach based on the active diagnostic is studied that
provides the essential locality of measurements. Chapter V also includes
preliminary results obtained with the active diagnostic. These preliminary results
show a possibility to make local measurements of LHD plasma ion parameters by a
compact solid state detector-based pellet charge exchange analyzer.

Bibliography includes the list of cited or used works for every chapter. The
references are explicitly given in the text where it is possible. Gaussian system of
units is used throughout the thesis unless it is stated otherwise.
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K. T AT OEEA A > MR T & O OB RBLOIERE U 2 s %
R TF 2 ZE R OEEEIMICEHEIT 5 Z &2k D, LHD 7S XY DOEEA A > DIE 5|
ERARLODTH 5, @A 420 FHAFARMNE (NBD LD AKHEINTI T
RTA A AL NERBEBEICH D TO N, RO F 01 70 b o g ER
gk ACRP) Ik OmEINAE=7 0> Thsb, SEBHHEELTHWSNEZEF v >
V- ) asktEs (SDNPA . silicon detector-based neutral particle analyzer)
WEREsRDBEIFEHETH S FNA (fast neutral particle analyzer) ICEHR, BRHEEZDH O
AT R THBDEF ¥ U RIEINBEBIITAD Z EIRERD 5. 2. EEOHT
ZITO ZEE > TRWIRIINF—SFRENGEOND I EDRERFETH S, T, &
HE R ORI IBIEES A TR ZIRAEERICIDGRAIT S I & T, IRIVF—0EaEDM EIC
TRBIMA SN, BHEEIE. KEHRIZ6 F v > RIIVOEBEFREDODL D, 6. IR
EDEYFAEAFY VTELIOEBEBINTVS, £z, RHEBSEN ETAHRICH X
Fr 2 TELHEEITR> TS, U IVRHSITETE X BICREND S0, FEIOH
FEEBCTIIERTEL I EVHRIN-, ZNS50RE, BIb, EMELTF v 2 RIVDER
SR NE NI RV F—fERE. ZENUTUTOL I BERENME SNz, ERESR (@
EINEEF v RIVDARYT NIVEROZFOREZEL) 3. Fokker-Planck HERN 5
BEOANDEROFRNICE > TIFEHATE, EEA T O|RBDFVICDONWTOEERAR
(EvFAsEL. BRICXAHE. TRIVF—IE8. RBEMLORIER. 1E) 252 TW
5,

1) TIRXIDHAFE kFE, NUTA, ANUDTLA/TIVTY) #EZSZEICED, 7
AR DENERR TSI BIAER, EBEFEDRENVIZE, EvTFARELIIHETS
MRNKENT EDER I N,

2) NBI AHRITO T RINF—ARY MVOBEMELICOWTERENMTbhbIN. &
BRI FICH T A H AR DBANEH TES Z ENRI N,

3) NBl ARE—LADIRNF—EDBENTRIIF— ORI TOEEILEIC X o TER
IND I ENER RN SRIN,

4) BAFAS NBI & ICRF MBI L BEERTFOLIRIVF—ARY MIVDOE v FHEKE
HEORIEHERIL, MBMEEOENE LLSHETE Z N7z,

b) BFEENERL. BEGNAITEKLS L. BIFINF—HRFOIRINF—ARY
NMVIZMAPNERI NS, ZiUud. ANUILY v iz BR 01 FIVEER, BEHD
EXB RUTZ K~ RaA¥IVAR) WKXDITBHEINZEDTHSD (NVHIIHEBIZES
BRI THER) EEZ5ND, ANUNIVHBIZEAL T, PERICIR W/ IBERNE S 1z,
6) WMKEMOWNAIL 7 M XV EEMFOALADNREIND ZENFETREINT
WM, B FROBME ORI RIVF—ARY MIVOHEEIC L D ERICET XN,

Tz, REFRYAEE L TO PCX (pellet charge exchange) Tid., R L v b A
5E5E TESPEL &4 1 V& RERHENAWS N/, PCX &, TESPEL ik 75X
THOEEDNEICEBTLHROBERN EERTES L EEREELLTVWS, FHEMLERN
T, BFEHAORREMACREI N, TNEFETL T, BEE I N=ZEREIER RN
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5B ARY NV & BHBET 2HFHFEMER SNz, PCX 75 OfER & O
IS ROBETH D,

FIE. PERETF v O RIMEKROE TRV F— 5 ERE D REE T & o oMk TaHENC
BWT, YV AVKRHEBERANSZ &Itk > T, LHD OFEBAFICET 5 FH 2 ERY
ICEEICE D Z SR LTz, ZOFER. AU MIVERSREA UADRE CEEREEAL

FICBE I AL FICH ZRBEZRA< O OTH S, EICED, FwIGIEMFRILEL
TEHEIDOLWERNEZFF> TND EROLND,
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