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Abstract

Forbidden lines arising from magnetic dipole (M1) transitions among fine-structure levels

of highly charged ions have been observed for Al, Ar, Ti, Fe, Kr, Mo and Xe in Large

Helical Device (LfD). A space-resolved 3m normal incidence VIJV spectrometer and

newly designed double-structure impurity pellets for an impurity pellet injector have been

developed for this purpose. The Ml transitions are identified by analyzing their Doppler

broadening, temporal intensity behavior and spatial intensity distribution. Wavelengths of

these Ml transitions are determined with high accuracy and compared with previous

experimental and calculated values with detailed spectroscopic analysis of C, Ne and Ar

emission lines in range of 250 to 2300A. The Ml transitions from heavy elements

observed here are expected to be useful for visible impurity diagnostics of D-T burning

plasmas in the future.

The line intensity ratios of the Ml transition to the allowed (El) transition such as 2s22ps
'Pr,r-'Pr,, I 2s22ps 2p3p-2s2pu 'sr,, (Arx 5fi3L/l6sA, tixry 2lni\/122i^ and, FeXVII

975N94A) and 2s2p'P,-'P, I 2s2 tso- 2s2p tp, 
lArxv 5944A/221A) are measured as a

function of electron density. Results on the ArX and ArXV are compared with a simple

level-population calculation. As a result, the density dependence of the ratio is well

explained mainly by a competition between two decay processes of the collisional

de-excitation and the radiative decay due to the forbidden line emission. The effect of fast

ions on the Ml transition is also considered.
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Chapter 1

Introduction

1.1. Importance of impurity study h contЮ Ⅱed thermonudear

fuslon research              、

Fusion reaction betwcen hydrogen isotopes ofD and T is expected as the most pЮmismg

nuclear reaction for altemative electric power sourcё in order to overcome the present

encountered energy problems;

D + T -> oHe (3.52MeV) * neutron (la.06MeV).

In order to realize the fusion reactor a high-temperature and high-density plasma (>10keV)

has to be confined for a certain time. The plasma has to be sustained by the cr (aUe)

heating with satisfoing the following condition;

niTrB > Jx102l m-3kevs,

where r\ and T are the ion density and plasma temperature, ffid TB is the energy confinement

time expressed as follows;

‐

1 ‐

篭 =Wp/Ph,



where wo is the plasma stored energy and p;o the heating power.

Hightemperature fusion plasmas are contaminated by impurities such as carbon, oxygen

and metallic elements, because of the existence of plasma facing components. When the

impurities exist in the plasma, it gives rise to the increase in the radiation loss in addition to

a dilution of the fuel ions. The net input power, Pio o.u is reduced by the radiation loss as

The,n, the impurity control becomes an important issue for realizing the fusion reactor.

Especially, the control of healy impurity elements is essentially required, since the radiation

loss from the impurity is much bigger when the nuclear number increases. The radiation

loss from a specific impurity element is expressed by

Prad:I leni-pR,

where R is the radiation coefficient as a function of electron temperature. The radiation

loss is the sum of line emissions from impurities if the bremsstrahlung is ignored. Thus, it

becomes very important to measure the line emission from impurities for the ptrrpose of

impurity control in fusion plasmas.

1.2. Transition probability and selection rules for allowed and

forbidden transitions

The time…dependent S山面山鴨er equation is wntten as

滋挙=l「0+″竹刀Ψ,         oo
where五らis the tilrle‐independent Hamiltonian in the absencc ofextemal flelds and

Pin net一Pin¨Prad・

‐2・



ダ′←)一子A・▽+岳A2, (1.2)

( 1 。
3 )

( 1 . 5 )

( 1 . 8 ) .

is a pertrnbation of electromagnetic field which explicitly depends on the time through the

vector potential A. Here, we drop the term of A2 in the weak field case, in the following

discussions [1].

Using the time-independent eigenfunctions fi, and eigenvalues Ep, the solution of the

time-dependent unperturbed Schr<idinger equation

滋拳=島|・,
can be expressed as

Yr = tyo$)exp(-iEktltt), (1.4).

The general solution, Y, of the time-dependent Schrodinger equation eq.(l.l) can be

expanded as

where the sum is over the complete set of eigenfunctions, rp2.

The coefficient cdr) of the first order in the perturbation.I/ is known to be expressed as

"P Q)=-: IVil l.vl v,)exp(ia4t',)dt" (1.6)
m q '

where a and D stand for the initial and final states of the transition and o4,:(Eb-8")lhr.

Here, we introduce the classical vector potential of

A(r,/) - 
L,4(ar)G{exp(ik.r 

-iar)+exp(-ik .r+ia)} dat,
( 1 。

7 )

Y = I cuQ)Y o(r,l) =Z"o!)V*(r)exp(-iEkt /tt),
k k

"P Q) = -; 
L,ur'no@)l@rlexp(rk 

'r)G ' vlv"l fexp(iat*t' 
- iox)dt'

+ (vul exp(-ik' r)G' v lv,l f,exp(ico*t * irn)aflt,

where e is the unit vector for polarization of radiation and k is the propagation vector of

radiation. Eq.(1.7) is substituted for eq.(l.6) as follows;

When the dtration of the pulse t is much larger than the periodic time 2n/a6, the integral

・3‐



overノ in eq。(1.8)will be negligible.The flrst integral overノin eq。(1.8)will be nOt

negliJble ifωbaミω cwhen巳シEQ,ωba>O andこ駆 +ヽ力ωba)。h this case the flnal state of

the atom has greater energy than the initial state and one photon Of energy力
αンhas becn

absorbed hm the radiation.Θn the other hand,the sec“d integral overノin eq。(1.8)will

be not negligible if ω滋%_ω (when ttst,ω ba<O andこド Qttωba).h thiS case the initial

state of the atOm has 3TCater energy than the fmal state and one phOtOn Of energy力ω is

emitted by de‐excitatiOn.

We start with the flrst tem eq。(1.8),desCribing absoTtiono We obtain

Thus the probability I co!) 12 increases linearly with time and a transition probability for

absorption W6a canbe defined as

r)。12T2π[屏 ]2K‰lexp(な
。r)e・▽|‰】
2′,

‰=希「P(′12=2π[4(%)]2K‰lexpCk・r)e・▽1降】
2,

and the transttion rate for stinllllated emission″らbiS given by

鴫=子(岩)考Kちい。L→卜Ⅵ‰】
2xω_り,

( 1 . 9 ) 。

(1.10)

(1.12)。

( 1 . 1 3 ) 。

乙ら=‰ , (1.11〉

We need quantum electrodynamics to explain the spontaneous emission. Therefore, we

note only the result of the spontaneous emission of a photon Wou is given by

The matrix element defined as (frl"*p(ik.r)G.VlV"l can be simplified by expanding

the exponential exp(fk.r) as

響 cior)=1+〔kor)+;(な
。→
2+¨
ち

If the quantity (frr) is small (le2n/l,b, the Aa6 ranges 4000-80004 in visible and the distance

from nucleus t'<104 in general atom), we can replace exp(ik.r) by unity in eq. (1.10) and

(1.12). This is known as the electronic dipole (allowed, El) transitions. When the

transition is forbidden, higher terms in the series (1.13), which correspond to magnetic

dipole (Ml), electric quadrupole (82) transitions, n?y not be vanished, although the

Ⅲ4・



transhion rate is generally much smttler than for allowed trans■ions.h general,the

lnagnetic interactiOn is sn■■ler than the electronic interaction in the fme stmcture collstant,

137.Exact under飩 狙山唯 Of such higher term in eq。(1.13)is very impo■ant to establish a

complete atomic stmcture model fOr all dements,csp∝ially for heavy dements.Thus,the

Stuウ Ofthe Ml trans量lon in heavy elements becomes also mpomnt and can glve valuable

info― tiOn tO build a complete set ofthe atornlc stmcture calculatiOn。

The electron transitiolrls which are not El transitiOns are called iforbidden transitions'.

The kind Of the transitions is distinguished by sdection l■les. The selectiOn lules for El

(a110Wed,electЮnic dipolo,Ml(forbidden,magnetic dipolo and E2(forbidden,dectЮnic

qua山叩olo trans辻lons are listed in Table l.1.

Table l。l Selection mles ofEl,Ml and E2 transitions

Transition E2MlEl

with negligible

configuration

interaction

(like hydrogen)

One electron jumping

with;

An arbitrary,

L, l , :+1

ln the salne

conflttatiOn;

△n=0,

△′=0

jumping or

in the same;

An arbitrary,

L,I, :0, +2

△S for LS

coupling only

△L for LS

coupllng only

0,±1

(eXCept L=0⇔ 0)

0,

w i t h△J =±1

0,±1,±2

(eXCept I■0⇔ 0,

0⇔ 1)

△J 0,±1

(eXCept卜 0⇔ 0)

0,±1

(eXC"t卜 0⇔ 0)

0,±1,±2

(eXCept卜 0⇔ 0,

1/2⇔ 1/2,0⇔ 1)

△M 0 ,±1

(eXCept卜 0⇔ O when

△卜0)

0,±1

(eXCq“ 卜 0⇔ 0

when Δ「=0)

0,±1,±2

Parity Change (even++edd)

‐5‐
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1.3. History of forbidden lines study

Line emissions from highly charged ions present important materials for studies in

laboratory and astrophysical plasmas 1241. For the purpose resonance lines from such

highly charged ions are generally used because of the high brightness, and those exist in the

X-ray and VUV regions. On the other hand, forbidden transitions from highly charged ions

frequently appear in the visible range (see Fig.l.l). Compared to conventional X-ray and

VW techniques, standard optical methods offer several advantage such as higher spectral

resolution and easy access to spatial resolution, larger solid angles for visible light collection

and existence of several detectors. For astrophysics, the visible spectroscopy becomes

more important, i.o., low absorption by the interstellar medium and long-distance

accessibility for observation of stellar objects.

Earth-based telescopes can be used to detect the visible radiation from highly charged ions

without the need of space-based instruments in the X-ray and EUV-VW regions. In 1927 ,

Bowen first identified the forbidden line in several prominent lines from galactic nebulae

spectra as transitions between levels belonging to the normal configrnations of various

atoms and ions, e.g. NII 65844 and OIII 4959,5007A I5l. However, those had previously

been conjectured as transitions in an extraterrestrial element, nebulium in 1864. Forbidden

optical transitions from highly charged ions had been detected in the SrHr before X-rays

measurements were performed. So-called coronal visible lines thus gave the first evidence

for the presenoe of such highly charged ions in the Sun. A well-known example is the

FeXIV forbidden lines at 5303A in 1939 as the first obseryation of this strong line in the

solar corona. In 1869, however, those had been also conjectured as an extraterrestrial

element, coronium f6].

Forbidden lines arising from magnetic dipole (Ml) transitions in highly charged ions have

been thus observed not only in astrophysical sources, but also in magnetically confined

plasmas and in electron beam ion trap (EB[D [7, 13]. In the fusion plasmas the Ml

transitions from highly charged iron was obsenred in PLT tokamak by Hinnov et a1., for the

first time |l4l. After that the Ml transitions have been observed in tokamals [8, l5-28].

‐6‐
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Morgan et al.,identined experimenta■y some predicted lines[10]in Ti‐like ion Xc―Ⅲ

(xe32+)hm the EBrr at the National httitute of Science and Technology oNttSl)in 1995

[29].They slЮwed for the frst time the possibilities of the EBH『for the s如む of宙Sible

transttions hm ions in extrelllely hiまcharge ttates.The stuけofthe Ml transitions have

been energaicdly continued also in EBr up to this day[11,121(sec Section 3.3.1).

1.4. Application of magnetic forbidden dipole transitions to

plasma diagnostics

Wavelengths of spectral lines from impurities in fusion plasmas move from visible range

to VUV or x-ray range when the ionization stage of the impurity increases. Therefore, the

x-ray line emission is mainly dominant in the central column of the high+emperature fusion

plasmas. The visible spectroscopy has been limited to the plasma edge diagnostics if

charge exchange spectroscopy is excluded. On the other hand, the Ml line has a transition

among the ground state of highly charged impurity ions. The wavelength of the Ml

transition moves toward longer wavelength side as compared to allowed lines (El) usually

measured in EUV and x-ray ranges, and therq the Ml transition is mainly emitted in the

visible range (see Fig.l.l). The transition probability of the Ml transition is quicHy

increases with nuclear number as shown in Fig.l.2. Therefore, the Ml transition becomes

very bright for high-Z elements.

The high-Z elemerfis such as Ne, Ar, Kr, Xe, Mo and W recently become important in

fusion research. In the next-generation firsion device the element of Mo or W is a

candidate of the plasma facing material 1301. The elements of Ar and Kr are planned for

diagnostic use and the elements of Ne and Ar are used for divertor cooling. The impurity

spectroscopy of such hrgh-Z elements is thus important in the next-generation fusion device.

The VUV and EUV spectroscopy usually used for the impurity diagnostics requires the

vacuum and the instruments have to be directly connected to the fusion device. If the D-T

operation is carried out, the grating and detector will be damaged by the neutrons and the

・8‐



detector itself will be influenced by the tritium. Therefore, if the line emissions from the

l"gh-Z elements are measured in the visible range using optical fibers, the difficulty of the

impurity spectroscopy in burning plasmas can be much reduced. The Ml transition is a

possible candidate to overcome the present situation of the VW spectroscopy in the

next-generation fusion device. The search of the Ml transitions from such heavy elements

for plasma diagnostics is one of the motivation of this thesis in addition to spectroscopic

study on the Ml transition and VUV line emissions and contribution to atomic physics.

9̈‐
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Chapter 2

Experimental setup

2.1. 3m normal incidence spectrometer

2.1.1. Introduction

Magnetic field topology in LIID is characterizd by the presence of ergodic layer

surrounding the closed magnetic surfaces. Magnetic field line structtres are stochastic in

such an ergodic layer, having no poloidal uniformity. The thickness of the ergodic layer

tlpically ranges from 3 to SOcrru which largely changes according to each poloidal and

toroidal position of the LHD edge plasmas. The ergodic layer plays an important role for

confinement properties in LHD, because the ergodic layer is much thicker than ionization

lengths of neutrals and the connection lengths of magnetic field lines are much longer than

the ion-ion collision mean free path. Then, it becomes important for LHD to study the

particle/impurity behaviors in the ergodic layer. Since electron temperatures are high

enough at Last Closed Flux Surface (LCFS), typically 100-500eV spectral lines of impurity

ions stayed in the ergodic layer are mainly radiated in VW region. VW spectroscopy has

been thus developed in LIID to measure the impurity distribution in the ergodic layer.

A space-resolved VW spectroscopy was originally developed in the Compact Helical

System (CHS) using a lm normal incidence VW monochromator equipped with a

secondary electron multiplier and eight concave mirrors U, 91. Radial profiles of VUV
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lines emitted in a wavelength range of 400-16004 were measured by rotating an octagonal

disk mounted on the eight concave mirrors with a time interval of 20ms. In the ASDEX-U,

a similar system was constructed using a rotating mirror, a lm normal incidence

spectrometer with an ellipsoidal mirror and MCP-intensified photodiode detectors 12-31.

Radial profiles of the ion temperature were measured in the Advanced Toroidal Facility

(ATF) from Doppler broadening of carbon, oxygen and nitrogen lines using a lm vacuum

Czerny-Turner spectrometer t4]. In LHD, a space-resolved 3m normal incidence

spectrometer system has been constructed to observe vertical profiles of impurity lines

emitted in a wavelength range of 500-31004 in addition to radial profiles of the ion

temperature and poloidal rotation t5l. A final goal of this system is to observe a

three-dimensional distribution of impurity radiation in the ergodic layer by scanning a

toroidal slit during a discharge. Recently, the vertical profiles of impurity emissions have

been successfully obtained with the ion temperature profiles. h this chapter, the

preliminary results are presented with an explanation on the space-resolved VW

spectroscopy in LHD.

2.1.2. Space-resolved 3m VIIV spectrometer

Figure 2.1 shows a schematic view of the space-resolved 3m VUV spectrometer system in

LHD. A back-illuminated CCD detector (Andor model 435) is set at the exit slit position.

The size of the CCD exposure area is 13.3x13.3mm2 (llx lZpr*lpixel) and the total number

of charurels are 1024x1024. The CCD is operated at a moderate temperature of -20oC to

reduce the thermal noise, which can be reduced to a negligible level. The frame transfer

mode is used as a CCD operation method to reduce the transfer time of electric charges and

to take clearer images. Using the frame transfer mode, a radial profile with 51 radial points

can be recorded in a time interval of 125ms. Two gratings (1200grooves/mrn, 65x150mm2,

14004 blazewith ft-coating and 30004, blaze with A-Mgfr-coating) are installed in the 3m

VW normal incidence spectrometer (Mcpherson model 2253). The grating with 14004

‐13‐
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of 20μn and the reCiprocal lincar dispersion is 2.75編.This res01utiOn is hiまenou」

to m e a s t l r e  t h e  D o p p l e r  w i d t h  o f  i m p u r i t y  l i n e s o  W h e n  I I l o r e  p r e c i s e  s p e c t r a l  p r o■les  a r e

r e q u i r e d  f o r t h e  D o p p l e r t e m p e r a m e  m e a s u r m e n t , t h e  s e c o n d  o r  t h i r d  o r d e r  l i g h t  i s  u s e d。

Magnetic surfaces(Rax T 3.6m) Torolda:s:it
Space-resolved slit

θ

陥 LJc:評

Gratings

Vacuum thamber  Entrance siltDivertor plates

0 1.0m

Fig. 2.1 Schematic view of space-resolved 3m VUV spectrometer system in LHD.

A space-resolved slit is placed between the entrance slit and the grating of the

spectrometer to observe a vertical image of VUV emissions. The space-resolved slit with

the width of 267pm is used in most of the cases, which gives vertical resolution of 20mm.

The brightness of the spectral image decreased to 1/60 in comparison with the fully opened

case. Therefore, the entrance slit is opened up to 2nn in order to increase the signal

intensity. Changing the e,ntrance slit width from 20pn to 2mnr, the signal intensity of

spectral lines increases up to 100 times.

TWo platinum-coated mirrors for view-angle adjustment are set in front of the entrance slit

with an incidence angle of 60o. The minimum limit of observable wavelength range is

determined by the reflection efficiency of the VUV emissions on the mirrors. The practical

limit was 500A whereas it was originally 300^4. when the two mirrors were removed. The

signal intensrty is decreased by l0% when the mirrors are usd. The optics is traced with

flat and convex cylindrical mirrors in Fig. 2.2. The view-angle is essentially determined by

the grating and CCD vertical sizes, the focal length of the spectrometer and the distance

between the spectrometer and plasma positions in addition to the curvature of the convex

cylindrical mirror. Three convex cylindrical mirrors with curvatures of R : 500, 750 and
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l050mm have been tested so far. We confirrred that the view-angle and the vertical image

were adjustable by changing the curvatures. The observable vertical range is l200mm at

the plasma center when the cylindrical mirror of R = 750m is used. This curvaftre of the

cylindrical mirror is good e,nough for the present profile observation.

Eig.2.2 Optics of space-resolved VUV spectroscopy and Pt-coated mirror arrangement.

A flat mirror is used for high-spatial-resolution measurement of edge plasmaso although

the vertical obsernation area is limited to 200mm. By replacing the cylindrical mirror to

the flat mirror with a rctary holder, the spatial resolution increases up to 4mm. The

brightness of spectral lines also increases up to ten times compared with the cylindrical

mirror case.

A toroidal slit is set at a diagnostic port between the spectrometer and the plasma. A

three-dimensional measurement of impurity line emissions becomes possible by moving the

toroidal slit during a single discharge. The vertical profile integrated toroidally over a

length of 30mm is obtained when the toroidal slit width is fixed to l0mm. The elliptical

LHD plasma rotates five times during a single toroidal turn. Then, a small exte,nsion of the

toroidal view area easily reduces the vertical spatial resolution" especially at the edge region.

The full toroidal observation length is 300mm.

All the parts including the wavelength scan of the spectrometer can be externally

controlled by a desktop computer located in the LIID diagnostic room. The optical modem

is used for the linkage between the experimental room and the diagnostic room using an
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optical fiber of 200m in length. An interactional communication is provided by the

RS-232C system. A computer for the CCD operation is located in the LIID experimgntal

room and remotely accessed by a keyboard-video-mouse (KVlvI) extender from the

diagnostic room with a LAN-cable of 200m in length. Data of the CCD are also

transferred by the LAN-cable to a data-seryer set in the diagnostic room.

2.1.3. Radial profile measurement

Fig. 23 Schematic drawing of magnetic surfaces (Ro:3.75m), external forrr of ergodic layer,

divertor legs and carbon divertor plates.

Figrre 2.3 shows a poloidal cross-section at horizontally elongated plasma position of

LHD (Ro:3.75m case). Ten magnetic surfaces are traced in the figure as a function of

normalized plasma radius, p (=la). Here, r and a are the radial position and the plasma

radius, respectively. The LCFS locates at the p:1.0 position. The contour surrounding

LCFS (P = 1.0)

Ergodic layer

divertor plates
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the LCFS traces an outside boundary of the ergodic layer. The outside boundary of the

ergodic layer in the present expression is defined by aregion where the connection length of

magnetic field lines to the vacuum wall is -50m. This region does not form a clear

magnetic surface, but has a considerably high temperature because of those long connection

lengths. Tlpical electron temperature of the ergodic layer ranges between l0 and 500eV

depending on electron density, magnetic field strength and input heating power. The

electron densrty of the ergodic layer is high enough and has normally a similar value to the

central electron densrty. The divertor legs directly connect the edge plasma to the carbon

divertor plates, which is a unique route for plasma particles coming out of the core plasma.

Tlpical examples on fulI vertical profiles of externally ir:$ected aluminurrU argon and neon

are shown in Fig. 2.4, where Z denotes the vertical distance from the equatorial plane. A

cylindrical aluminum pellet with a size of 0.8mm in diameter and 0.8mm in length is

injected by an imptrity pellet iqiector[6]. The velocity of the impurity pellet accelerated

by pressurized helium gas (lSatoms) is 100-300m/s. The injected pellet is fully ablated

within a few milliseconds and ionized toward higher ionization stages. The aluminum ions

are confined in the core plasma of LHD with a particle confinement time of -0.5s, which is

much longer than the CCD exposure time (125ms). The rare gases of argon and neon are

puffed by a piezoelectric valve during a discharge to maintain the amount of lo/o to the

electron density of 2-5xl013cm-3. The AIXI profile in Fig. 2.a@) is taken io R*=3.60m

configuration having a maximum plasma size in LHD, and the ArVm and NeVIII are

recorded in R*:3.70m configuration as shown in Fig. 2.4(b) and (c). Then, the AIXI

profile is wider than the other two profiles. It is clearly seen that the vertical profiles have

a symmetric feature at upper and lower positions, indicating no existence of a vertical

asymmetry as seen in tokamaks [7, 10-16]. These symmetric profiles suggest that all such

spectra are emitted inside the LCFS. If the emissions are located in the ergodic layer at

p>1.0, the profiles change to a complicated shape as will be shown later. The locations

where the AXI, ATVIII and NeVItr exist are compared with the electron temperature

profiles. The result shows that these ions are located at a radial position where l<tJX#z

Q6: ionrzation potential).
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(a)AIXl

(c) NeMll

oO:4 30。2  0  0.2  0.4  0.6
Z(m)

Fig.2.4 Full vertical profiles of impurity emissions: (a) AIXI 550A (R .:3.60m), (b) ATVIII 7004

(Ro:3.70m) and (c) NeVIIITTO]\ (Ro:3.70m)
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Vertical profiles of CIV (154SA) are measured in plasmas with three different magnetic

il(es (fu.:3.69, 3.65 and 3.75m), as shown in Fig. 2.5. The vertical positions of the

profiles are converted into p for the comparison. The profiles are much different from the

case of Fig.2.4. In total four peaks (two weak edge peaks and two strong central peaks)

appeared in the profiles. Two small peaks at the plasma edge near p-1.0 and p=-1.0 are

formed by the chord integration of edge CIV emissions at the top and bottom edges of the

elliptical plasma (see Fig. 2.3). However, two other strong peaks arE see,lr near p:0

originating from a different reason. In LHD, the particle recycling is enhanced at the

inboard side [8]. The particles coming form the core plasma are collected on the carbon

divertor plates through the inboard X-point and the carbon atoms are sputtered by such

plasma particles at the inboard side. Thus, the carbon source is localized only at the

inboard side divertor plates. However, the carbon emissions are weak at the inboard

X-point where enough density cannot buitd up, since the connection length between the

divertor plates and the inboard X-point is 2m. The densrty of CIV then increases at the

area surrounding the inboard X-point and the resultant chord-integrated CIV profile is split

into two peaks. The structures of carbon emissions at the inboard side change when the

magnetic axis is moved as seen in Fig. 2.5. This change of the CIV profile reflects the

simulated result that the poloidal location of the particle coming from the core plasma

changes to upper side X-point at vertically elongated plasma position when the magnetic

axis shifts outside. However, the detailed mechanism is not clear at present, because the

magnetic field line strrcture and the related particle motion are very complicated in the

ergodic layer. In order to understand these emission structures in detail, the

three-dimensional image of the errissions is really required in addition to more detailed edge

particle simulation in the ergodic layer.

Radial profiles of CIII-CV are measured from discharges with a Local Island Divertor

(LD) as shown in Fig. 2.6. In the LID experiment, a carbon plate (l-' in size) with

crescent surface structure is inserted into a large m/n=l/l island which is created by external

resonant coils. The amount of carbon impurity in such discharges becomes high, then, it

leads to a large improvement of signal-to-noise ratio in the present diagnostics. The profile
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of Cm in Fig. 2.6(a) indicates that the carbon source is located at some poloidal positiono

also suggesting an interaction with the LID carbon plate. The toroidal location of the 3m

normal incidence spectrometer is l80o from the LID position. Therefore, the image of the

carbon sogrce is shaded off by the poloidal transport during the half toroidal turn of carbon

ions. The profile of the CIII, of course, does not reflect the magnetic surface information.

The CIV profile shown in Fig. 2.6(b) becomes much different from the CIII profile. The

major emission of the CIV is located on the top side of the plasma edge and the asymmetric

feattre is still in the profile. On the other hand, this asymmetric feature completely

disappears in the profile of the next ionization stage of CV as shown in Fig. 2.6(c). The

location of the CV moves considerably inside the LCFS because of its high ionization

potelrtial of 392eV, and the profile becomes a function of magnetic surface. From the CIV

profile measurement it is made clear that the carbon source location moves to the opposite

position when the magnetic field direction is inverte4 as shown in Fig. 2.6(d). The beam

orbit of tangentially injected neutral beams with an energy of l80keV is very sensitive to the

direction of the magnetic field because of the different direction of grad-B drift. The

difference in the interaction between the beam and the LID plate is considered to be a

possible reason.

Vertical profiles of the ion temperature are also measured simultaneously with the

emission profile ll7-201. A typical result on the CIV is shown nEig. 2.7. The entrance

slit width of the spectrometer is 20[rm and the second order light of CIV 1ZxtS48A) is used

for the low ion temperafure measurement. It can expand the lower limit of the ion

temperature measurement down to a few eV. The CIV profile shown in Fig. 2.7 is obtained

from a high-densrty (> 5-l0x10r'*-') discharge with a repetitive hydrogen pellet injection.

The plasma size shrinks a little because of the low edge temperature. The ion temperattre

profile is plotted at steady phase of the discharge (t:0.675s) and at decay phase after several

pellet injectiorrs (t:1.05s). The edge ion temperature during the steady phase has a

complicated structure, suggesting a three-dime,nsional structure of plasma parameters in the

ergodic layer of LHD. In the decay phase after the pellets, the ion temperature becomes

low because of the rapidly increased density. The three-dimensional distribution of the ion
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temperature is also necessary in order to understand the structure of the ergodic layer in

LIID.

2.1.4. Summary

Radial profile measurement of impurity line emissions has been developed in LIID using

a space-resolved 3m VUV spectrometer for the study of edge plasma behavior, espeially

the impurity behavior in the ergodic layer having no magnetic surface. Full vertical

profiles and time behaviors of an intrinsic impurity of carbon and externally injected

impurities of neon, aluminum and argon are successfully obtained. Vertical profiles of CItr

and CIV show asymmetric features reflecting a structure of the ergodic layer plasma.

Vertical profiles of the ion temperattre are also measured from the CIV line with a

complicated structure. Three-dimensional image of VUV line emissions, which are really

required for understanding the structtre of the ergodic layer plasma, has been measured

preliminarily by scanning a toroidal slit. However, there remain a few technical problems

such as VUV reflection from the facing vacuum wall, precise adjustment of optical axis and

uniformity of diftaction efficiency on the grating. h the near fuflre, the three-dimensional

image of VtfV fine emissions will be well observed and such a result will be greatly helpful

for understanding the ergodic layer plasma in LHD.
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2.2. Heavy element impurity pellet injection

A variety of emissions from nulny kinds of elements are necessary for development of

high+emperature plasma spectroscopy. Impurities which do not infinsically exist in

plasmas are generally used for this purpose. The use of rare gas is one of the methods. kr

case of the rare gas, however, the source term of the injected gas can not be defined clearly

due to the high-recycling rate of the rare gas. The laser blow-off technique, which is a

method to inject metallic impurities into the plasma by focusing a pulse laser beam on a thin

metallic layer deposited on a glass substratel2ll, is widely used for impurity transport study

and spectroscopic use because of the well defined source term and the easy method for

observing metallic elements. It is possible to adjust the impurity amount by selecting the

thickness of the metallic layer and the laser condition. However, it is difficult for plasmas

with thick scrape-off-layer or ergodic layer to use the method, since the ablated impurity

cloud is easily shielded by the outside layer surounding the core plasma and does not

penetrate into the plasma core. This effect becomes very typical in Large Helical Device

(LfD). Therefore, an impurity pellet injector has been developed for spectroscopy of LHD

1221.
The impurity pellet iqiection has been successfully operated for various purposes of the

study. The cylindrical impurity pellet made of pure material such as carbon and aluminum

has been generally used for the study. The size of the usually used impurity pellet ranges

between 0.4-0.8mm. The pellet with size smaller than 0.4mm is not used because the

treatment and injection are not easy technically. Therefore, an alternative design is

required for the present impurity pellet in order to avoid the thermal collapse of discharges.

TWo kinds of double-structural designs have been developed for the heary element pellet

injection. One of the designs is a cylindrical pure carbon pellet coated by heavy elements.

The thickness of the coating is 5-15pm and the carbon pellet size is 0.54.8mm. A

photograph of the Sn-coated carbon pellet is shown in Fig.2.8 as an exarnple. The surface
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Fig。2。8 Cylindrical carbon pellet with tin(S⇒coatingo Total sizo ofth pellet is O.9mm in

diameter and O.8nllllin lem。

Fig. 2.9 Co-orial impuriry pellet inserted tungsten (W) wire into polystyrene tube. Diameter of

wire is 150pm and diameter of the tube is 0.8mm. Division of scale is 0.5mm.
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roughness originates in substrate carbon but not in the coating inlromogeneity. This pellet

is fully fabricated in Institute of Laser Engineering at Osaka University by applying the

electroplating techniqu e 1231. The electrolyte and other electrochemical conditions are

shown in the paper. Another design of the pellet is a carbor or polyethylene tube pellet

inserted a thin heavy element wire. A photograph of the polystyrene tube pellet is shown in

Fig.2.9. The inserted tungsten wire with a diameter of 150pm is not cut in the photogaph

for better understanding of the pellet structure. Since the wire is tightly inserted in the tube,

it does not separate from the tube even when the pellet is shot by He gas pressurized to

l5atoms.

( a )

Cylinder

VVire

Coating

(b)

Cylindet

Wire

Coating

A:  Ti  Fe MO Sn W
Element

Fig.2。10(→Amomt 6fheavy element for trec kinds ofimpwity pellets。●)Elecmn density

五se  i b m  h e a v y  e l e m e n t i n  L H D  u n d e r  a s s u m p t i o n  t h a t t h e  h e a v y  e l e m e n t i s  i l l y  i o n i z e d。
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The amount of heavy elernent included in the pellet is calculated, as shown in Fig.2.10(a).

The coating method can reduce to the amount of the element less than l0% of the cylinder

case. Since the thick coating on the carbon surface is technically difficult, we can choose a

suitable amount of the element by selecting either of the coating or the wire methods. The

density rise with the pellet injection plotted in Fig.2.10(b) is calculated under an assumption

that all the heavy element particles included in the pellet are fully ionized in the plasma

volume of 30m3 in LHD.

250

200

150

100

50

0

Fig. 2.11 Velocities of impuritypellets shot with 15 atom helium gas (A: Cylindrical ptre carbon

0.8mmex0.8mmt, B: Co-arial pellet (0.8mmex0.8mm) inserted molybdenum wire 0.2mmex1.0mmt,

C: Co-axial pellet (0.8mmex0.8mm) inserted tungsten wire 0.2mmex1.0mm). Velocity of coated

impurity pellet is identical to the pure carbon pellet.

The velocity of the pellet is measured by a time-of-flight method using parallel He-Ne

laser light and two narrow rectangular slits separated each other in a distance of 3mm, which

is set in front of an avalanche photodiode (APD). The signal from the APD is digitized

with a sampling time of l0 MHz. The velocity of cylindrical pure carbon

(0.8mmex0.8rnrn) without coating denoted with A' ranges in 175-215m/s (see Fig.z.ll).
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The velocity of the Sn-coated carbon pellet is entirely identical to the case of 'A'. The

velocities of Mo- and W-inserted tube pellets are a little lower than the cylindrical carbon

pellet, but no significant diffgr€,trce appears between the Mo- and W-inserted tube pellets.

These velocities are enough high for penetrating the edge plasma and ablating the pellet at

the core plasma.
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Fig.2.l2 Temporal behaviors of the line-averaged electron density (a) and (c) and central electron

temperature (b) and (d) for titanium (0.5mmex0.3mm)and iron (0.5mmex0.3mm) cylindrical pellet

injection, respectively. The line-averaged electron density and the central electron temperature are

measured from far-infrared interferometer and Thomson scattering, respectively.

Figure 2.12 shows the results when the O.5mm-size cylindrical pellet is injected in LHD.

Titanium and iron pellets are injected at 1.76s. In titanium case, the discharge can be

smoothly sustained with a small densrty rise of 0.4xl0rem-3 lsee Figs. 2.12(a) and (b)). On

the other hand, the discharge can not be sustained for ion pellet injection due to mainly the

large ionization and radiation losses as shown in Figs. 2.12(c) and (d). The threshold of the

impurity pellet element which can be used in LHD clearly exists at 7;22, when the

0.5mm-size cylindrical impurity pellet is irjected. Therefore, altunative method has to be
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( a )

developed for heavier element injection into LHD.

0.9
t(S)

Fig. 2313 Temporal behavior of LHD discharges with cylindrical Sn― coated carbon pellet

(0。8mm9xO.8-t宙 ■6。7μm coatmD.

The newly developed impurity pellets are tested by injecting into the LHD discharges.

Figure 2.13 shows the waveform of the discharges that the Sn-coated pellet with 6.7pm in

thickness is injected at t-1.03s. The central electron temperature decreases mainly due to

the central deposition of the Sn-coated carbon pellet, which is estimated to be within p-0.5

from Thomson density profile, in addition to the densrty increase of l.0x10rem-3 and

enhanced radiation loss. The EUV line radiation from low-ionized SnD(-XlI ions emitted

at 1354., which is used for light source in next-generation lithography, is successfully

measnred with a flat-field EUV spectromet er l24l in the stable discharge without thermal

collapse (see Fig. 2.13(a)).
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Fig.2.l4 Temporal behavior of LHD discharge with Mo-inserted co-odal impurity pellet (Mo:

O.2mmexl.0mm).

Result of the trial on the Mo-inserted co-axial pellet is shown nFig.Z.l4. The pellet is

injected at t-0.64s. The discharge is not affected by the impurity pellet injection and is

well sustained with a density rise of l.2x10rem-3. The co-axial pellet is ablated in the

plasma outer region near p:0.8-0.9 due to the low melting point of the plastic tube. The

EUV line emission of MoXXV (108.25A: 3pu tso-3pt3d 'P,; measured in this discharge is

plotted in Fig.2.l a@) pa-261. The MoXXV begins to increase in the emission with a delay

time of 15ms after the co-axial impurity pellet injection. It suggests the ionization time

until neutral molybdenum reaches Mo2a* ions in the present LHD plasma condition.

kr summary newly designed htgh-Z impurity pellets have shown here indicated a

favorable character as the source of active spectroscopy in high-temperature plasmas.

These methods can be applied to the spectroscopic study of heavy elernents such as

molybdenum and tungsten, which are candidates for the plasma facing materials in the next

generation fusion device. Furttrermore, the pure carbon has a high melting point 1271, and

then the impurity pellet using the pure carbon is certainly applicable to the spectroscopic

study in the core side of the bunring plasmas with extremely high energy storage.
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Chapter 3

Observation of spectra

3.1。

argon

High-resolution VUV spectra of carbon, neon and

3.1.1. Introduction

The purpose of passive plasma spectroscopy in fusion research is mainly to diagnose

particle behaviors of impurity and fuel atoms and ions including the measurement of line

radiation loss in addition to the contribution to atomic physics I I ]. For the purpose the first

resonance lines have bee,lr usually measured except for divertor diagnostics in which visible

spectroscopy is useful. The resonance lines from highly ionized impurities are emitted in

vacuum ultraviolet (VW) region. Therefore, VUV spectroscopy becomes important for

passive plasma spectroscopy and the resonance lines from tlpical intrinsic impurities such as

carbon, oxygen and iron have been routinely measured in the VUV region in many magnetic

fusion devices l2-lll.

On the other hand, several wall conditioning techniques have been recently progressed,

i.e., high-temperafire baking of plasma facing components, He-glow discharge for wall

cleaning and boronization of the vacuum wall. In addition, the vacuum wall has been fully

covered by carbon plates and the carbon plates have been also installed in the divertor

section. Thus, the impurity concentration in toroidal fusion devices has been much reduced.
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According to the progress of the wall conditioning, spectral lines useful for passive

spectroscopy in VW region have been limited to the carbon emissions. External impurity

injection is needed for a study on impurity behavior. The use of rare gas is one of good

methods to overcome the present difficult situation in the passive spectroscopy. At present

neon or argon is a possible candidate as the seeded gas. h ITER the use of lcypton is

planned for the spectroscopic diagnostics. Recently, such rare gases have been also used

for edge plasma cooling based on the enhancement of radiation loss in order to reduce the

divertor heat flux U2l. Therefore, it becomes important to investigate and identifu the

VW spectral lines emitted from highly ionized ions of such rare gas elements for the

alternative spectroscopic measurement in fusion devices.

Large Helical Device (LIID) is a toroidal fiNion device without plasma current for

confinement. Rare gas discharges are easily produced in LHD because current-driven

MHD instability can be essentially avoided. Then, the VUV spectra of higbly ionized rare

gases such as neon and argon are studied using the rare gas discharges in LIID. The central

electron densrty and temperafire of the rare gas discharges used for the present sfudy range

in 1018-10rem-3 and 24keV, respectively. The VUV spectra in a wavelength of 250 to

23004 are observed by using a 3m nonnal incidence spectrometer with high spectral

resolution of Llu4.zA. The spectral resolution observed here is narrower than Doppler

broadening of most of the VW lines emitted from the LHD plasmas. Therefore, the VW

spectra measured here can give the best spectral resolution as compared with the former

results. In this paper the VUV spectra from carbon, neon and argon are presented and the

wavelengths are tabulated with their relative intensities, the full width at half maximum

(FWHM) and the ion temperature for spectroscopic use. Tlpical spectral lines useful for

spectroscopic diagnostics of high-temperature plasmas are also summarized for the three

elements. A self-absorption spectrum is observed in Lyman series of neutral hydrogen

instead of Doppler broade,ning. The spectra of hydrogen Lyman series are also presented

with an analysis.
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3.1.2. Line identification of C, Ne and Ar

Identification of VW spectrum is compiled by using previous experimental spectra and

wavelength tables 116-241. VW spectra are obtained by scaruring the wavelength of the

spectrometer shot by shot. Figures 3.1-l to 3.1-7 show VW spectra from neon discharges

in wavelength range of 250 to 12754. A VW spectrum of 2257-2296L is shown in

bottom trace of Fig. 3.1-7 with HeJike CV (ionization potential: 392eY) line at 2270L.

Below.435 A, VW spectra having relatively strong emissions from metallic impurities of

iron and chromium ions (Na- and MgJike) are specially selected as an exc€,ption of the

present work. It will be useful as a refere,nce of spectroscopic use.

Figures 3.2-l to 3.2-9 show VW spectra from argon discharges in wavelength range

o855 to 15654. In Figs. 3.2-l to 3.2-9, oxygen and nitrogen lines are appeared with

relatively strong intensities, because the data are taken just after a little air leak into the

vacuum vessel. This is a good reference for diagnostics of light impurities. A little

amount of boron is also seen in the spectra. Boronization is carried out to make boron

coating on the stainless steel vacuum wall in order to suppress the metallic impurities.

Carbon lines identified from the spectra are listed in Table 3.1. The order in the table

denotes the maximum nurnber of higher order line seen in the figrres. The relative

intensity is defined by total counts summed over the line spectral range based on a

least-square Gaussian fitting of the measured spectral profile, and the FWHM and the ion

temperature are evaluated by the Gaussian profile. Almost of carbon lines are blended with

neighbor lines, and then available lines for diagnostics are very limited. Only eight lines

(ctr 1334.fi23L, 835.7077A, cm 386.2028A, s74.28tL, g77.oz}L, cry 1548.204,

1550.774, CV 2270.89A) are isolated from other lines. Here, the CItr: 5744- 5696A and

CIV: 312.4224, 312.453A - SSOIA, SgtZA fonn the branching pair which has the same

upper levels for the transitions. The branching ratio method is available to absolute

sensitivity calibration of VUV spectrometers [7, 9, 10, 25-28].

Neon lines are listed in Thble 3.2. The charge states of NeItr (O-like) -D( (He-like) are

identified from the spectra in the present wavelength region. One line isolated from other
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lines at least exists in each charge state except for NeD( 1248.284. The NeD( line with

high ionization potential of 1196eV is very useful for spectroscopic diagnostics, especially

for the ion temperattre measurement from Doppler broadening. However, the I st order of

the NeD( (1248.25A; is blended with the 3rd order NeV line (3x416.204). Then, it is

better to measure the 2nd order for NeD( in order to observe the accurate line profile. The

6th order of NeV (6x416.20L) becomes much weak as compared to the 2nd order of NeD(

(2x1248.28A) and the separation between the two lines is also better in case of the 2nd order

for NeD(.

Argon lines are listed in Table 3.3. In case of the argon the magnetic dipole (M1)

transition (ATXII 649.034) is observed 129-311. This is the first observation in fusion

plasmas. In tokamaks the maintenance of tngh-Z discharges is not generally easy because

of the current-driven instability. As the ArXtr Ml line is much weaker than resonance lines

and the brightness of the VUV diagnostic system is darker than that of the visible diagnostic

systern, it was usually difficult to observe such the Ar Ml line. On the contrary the

maintenance of high-Z discharges is quite easy in LHD. Therefore, pure Ar discharges can

be performed at an electron density region of 0.5-3x1013cm-3. This is the reason why the

ArXtr Ml line was found for the first time in LHD. Several Ml transitions from argon

have been also observed in LHD in the visible range. The wavelengths of the VW lines

suitable the plasma diagnostics are summarized in Table 3.4. It is seen that lines of CIII-V

NeItr-D(, ArIII-VIII and ArXV-XVI are available.

3.L.3. Ion temperature from the Doppler broadening

Ionization potential (IP) increases when the ionization stage of impurity ions goes up or

the nuclear number Z of impurity elements increases, as shown in Fig. 3.3. The IP

gradually increases with the ionization stages except for He- and H-like ions. The

impurities in such ionization stages usually locate in some radial position of plasma when

the central electron temperature is enough high as compared to the IPs. On the contrar5l,
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the IP of He-like ions becomes much high, since the ionization of ls electron requires a large

energy compared with the ionization of n:2 electrons. Therefore, the emissions are useful

to the ion temperafure measurement at the plasma center.

Ar

C

Ne:
- r i

' - - i
,  .  _ { . - - l

t  ^ - * - rJ  ^  - -L -L ' -
F--

XV
lonization stage

Fig. 3.3 Ionization potential of carbon, neon and argon ions as a function of ionization stages.

Figure 3.4 shows the ion temperature evaluated from Doppler broadening of measured

VUV line emissions of neon and argon as a function of the IPs. The ion temperature of

neon ions in various ionization stages distributes in a range of l/2-l/4 of the ionization

potential in each ion. However, the ion temperature of argon ions closely distributes to the

IP. This is based on the difference in the central ion temperature. It is well known that the

high ion temperaftre operation is possible to the rare gas discharges in LIID 132,331. The

central ion temperature of the neon discharges ranges 3-5keV. In case of the argon

discharges the ion temperattre firrther increases up to l0-13keV rnainly due to the less ion

density, which leads to the increase in the ion heating power deposition.

Measurement of the ion temperature is also useful to the identification of the unclassified

Ar lines. Several unclassified Ar lines appear in the Table 3.3. We also measured the ion

temperature from the unclassified Ar lines. The ionization stages of such unclassified Ar
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lines can be estlmated■om Fig.3.4o)using the IIleasllred ion temperature.Thus,the

llnclaSsitted Ar lines 6f 486。60Å (D,618。 63Å (VI‐vⅢ )and 619。04Å (ⅣI―vⅡD are

identifled with the possible ionization stageso Rcsults are indicated in the brackets ater

'ArUn'.
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Fig.3.4 1olltemperame evaluated ibm Doppler bЮadening of(→neёn and o)argOn vuV lines.

3.1.4. Line profile analysis of absorption spectra

The line profile of the Doppler broadening has a Gaussian shape if it is assurred the atoms

or ions have the Maxwellian velocity distribution as follows;

r(2,)=+ "*r( -o +t'1, (r)
"lnLo \. AD- )

where /o is the center wavelength in A and A p the Doppler width. The Doppler width at

fulI width at half maximum (FTWHM), A rwma, is given by

Artr* :zJ-ln2 Lo

(a)Ne
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The ion temperature in ёV is thus given by

写=1.68×10'ス Δ FWIIM湯0)2,          (3)

where yisthe atomic weiまto McaSWed spectraHines are ntted by the Gaussian ppile of

the eq。(1)and the ion temperature is obtained using the eq。(3).TypiCal examples of the

results are slЮwn in Fig。3.5 for CⅣ 2x1548A and CV 2270A lines.The expc― ental data

can be itted by the Gaussian pЮ■lc.The ion temperame obtained fbm this fltting is

indicated in the flg田「e.

(a)CiV 2x1548A

FWHM〓

11。3pixel  ・

Ti=2d但:5eV

(b) cv 227a4
Ti=85±15eV

FWHM=

14:2pixel

0       20       40      60

Pixei number

Fige 3。5 Spectral pЮttles of(→2×CIV and o)CV With Doppler broadeningo Solid circles indicate

raw expenmental data and solid lines are ntting clrves宙th Gaussian pЮ■les.
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On the other hand, neutral lines, especially Llman-series lines (ls-np, n22) excited from

hydrogen neutrals, have a completely different line profile from the Doppler profile. It is

found in relatively high-densrty (>3,0x10tt--') discharges of LHD. Typical results on

Lyman-cr (HI: 1s-2p) are shown in Fig.3.6. Experimentally measured line profiles are

denoted with solid circles. The Lyman-cr lines are measured at the second order emission

(2x1215.674) in order to raise the spectral resolution. It is clearly seen that the top of the

profile is deformed with electron densrty. It is well known that the neutral line is absorbed

by the background neutral atoms 1341.

The self-absorption line profile [35] is expressed using the Doppler broadening line

profile as follows;

ISA(D=4)eXp(→ ,

The atomic absoTtion coerlcientルis given by

lたtOexpl-7)

(4)

(5)

(6)

where tt is the atomic absorptiOn cOcttcient at the center ofthe linc and Jthe path length of

absoIPttOn.Th seliabsolption line pЮ ■le is then given by

Taking 0-th and lst

following equation;

・SA(λ)=t扇;Щy6Xp〔―≦墨il,21)×expl―名)′exp〔-7)}
terms after expansion of eq.(6), the eq.(6) is replaced by the

・SA(え)=【
万=瓦reXp(-7)× {1-花

OJexp〔‐
1生
云fド
ギ
丘

)|

where lhl is the optical depth, lse the center wavelength of absorption and A 5a the

absorption width. The self-absorption spectra of the Lyman-a line shown in Fig.3.6 are

fitted by the eq.(6), which is expressed with solid line. The measured Lyman-u line profile

is in good agreement with the consideration of self-absorption process. The sellabsorption

is also shown in Fig.3.7 for Lyman-p line (2x1025.724). The line profile of the

order

(7)
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Lyman-p has a very similar to the Lyman-cr and can be well explained by the absorption

process.

This absorptionprocess is of course a firnction of edge neutral density nnand length of the

neutral /. The product of neutral nurnber densrty and length of neutral density, nnl, is grven

by the kol rn eq. (6) and background neutral hydrogen temperature Tn h eV as follows;

n,l : I .67x I 0 1 t nJ,fi .a't@, (8)

The optical dwth ofttJ can be obtained魚)m the line fltting by the cq。(7),as shOWllin Fig。6

and tt ddemined to be礼 卜0.55江 万
=5×10りm‐

3 and礼 卜0。70江 万
～10×1019m‐

3.The

島 iS derived魚)m△ sA With eqs。(2)and(3).The inst_ental width of the spectrometer

fOr△ SA iS negle∝ed in this analysis.The valuc ofthe opticd dwth is now insenshive to

the density varlation.When z=0.5ёV and為 卜0.55 at 4=5×1019m~3 is aSSllmed as Fig。

6o),we Obtain″ノ=7.0×1016m~2 uSing eq。(8).Finally9 we obtain the length ofthe neutral

hydrogen of卜10cm(lcmp at″″=7.0×1017m‐
3(7.OX1018m‐3).ThiS iS fairly reasonable

taking into account the ttasurement of neutral density魚)m宙sible spectroscopy where the

onlyち′is obtained[36]。TherefOre,the resuh suggests that the absorptton of hydrogen

clnlssions is occllred at the plasma ctte region.
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(a) 1x10re m-3

(b)6x1019 rn‐
3

(c) 10x10re m'3

0 2 0 4 0 6 0 8 0
Pixel number

Fig.3.6 Line profiles of hydrogen Lyrran-u(2x1215.67L) with self-absorption. Solid circles

indicate raw experimental data in line-averaged electron density of (a) i:lxl}r'*-t, (U)

n":Sxl}rem-3 and (c) and 4:l0xtOtem-3. Solid lines express (a) Gaussian fitting cunre with

7,=1.5+0.5eV ( A p:5.2pixels) and self-absorption fitting curves with (b) 779.2+l.0eY

( A p: lO.2pixels), 7i:0.5+0. 2eY, (A sa:2. lpixels) and (c) TrLl .4+L l eV ( A o:1 1 .2pixels),

4,:0.5+0. 2eY ( L, sp2.2pixels).
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Fig. 3.7 Line profile of hydrogen Lyman-p (2x1025.72A) -itt self-absorption. Solid circles

indicate raw experimental data in line-averaged electron density of 4:l0x10lem-3. Solid line is

selGabsorption fitting curvo withT72.4+l.2eY (Ap:5.l pixels) andT,:2.Gt0.5eV (Asa:2.1 pixels).

3.1..5. Summary

High-resolution spectra (250 to B00A) have been measured in wavelength range of 250A

to 2300A using a 3m normal incidence spectrometer in LHD and spectra from C, Ne and Ar

have been recorded with good signal-to-noise ratio. Line identification, relative intensity

and Doppler temperahre of the VW lines are analyzed. Wavelengths of the measured

VW lines in several ionization stages (Cm-V NoIII-D(, Arm-VItr and ArXV-XVD are

accurately determined and tabulated including not only the allowed (E1) lines but also the

forbidden (Ml) lines for alternative passive spectroscopy. Self-absorption of VUV lines

are found for hydrogen Lyman-series lines in high-denslty LHD discharges. Those lines

arc analyzed using the absorption equation. The spectroscopic data reported here are truly

available to high-temperature plasma diagnostics.
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T a b l e  3。l W a v e l e n g t h  l i t t  o f  c a r b o n  l i n e s . S脚わol o f ` b ' i n  r e l a t i v e  i n t e n s i t y  l n e a l l s  t h e

line is blended with other lines.

I°

llltte order

Relative  FWHM

intcrlsity oixelS)

FWHM Ion temperature

(A) (ev)

312.422

312:453

319.415

369.472

371.694

371.747

371.784

384.031

384。174

386.2028

419.525

419。714

459.462

459.521

459.633

493.341

493.364

493.396

493.464

493.519

493.587

499.425

499.462

499。53

499.583

CⅣ

CⅣ

CⅢ

CⅢ

CⅡI

CIⅡ

CⅡI

CⅣ

CⅣ

CⅢ

CⅣ

CⅣ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

CⅢ

2

2

1

1

1

1

1

3

3

3

2

2

2

2

2

1

1

1

1

1

1

2

. 2

2

2

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

４
．
４

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

ｂ

5。1 0。18 <5
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538。08

538.1487

538.312

574。281

641.593

641.627

641.771

641.8

641.888

651.211

651.234

651.269

651.304

651.345

651.389

687.0526

687.3453

687.3521

806。384

806.533

806.568

806.676

806.686

806.83

806.86

858.092

858.559

903.6235

903.9616

CⅢ

CⅢ

CⅢ

CⅢ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

CⅡ

b

b

b

27.5

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

4。7 0。17 <5
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904.1416

'904.4801

977.02

1009.858

1010.083

1010.371

1036.34

1037.02

1174.933

1175。263

1175.59

1175。711

1175。987

1176.37

1334.532

1335。708

1548.2

1550.77

2270。89

2277.27

2277.92

CⅡ

CⅡ

CⅢ

CⅡ

CII

CⅡ

CⅡ 、

CII

CⅢ

CⅡI

CIII

CⅢ

CⅢ

CⅢ

CⅡ

CⅡ

CⅣ

CⅣ

CV

CV

CV

b

b

2429.6

b

b

b

b

b

b

b

b

b

b

b

1 . 6

3 . 5

116。9

58.4

27.4

b

b

1

1

1

1

1

1

1

1

1

1

1

1    1

1

1

1

1

1

1

1

1

1

5。1

5 . 4

5。8

5。9

15。7

0。18

0。19

0.21

0。21

0。56

<5

<5

<5

5±5

6±5

106±12

5。7 0.21

4̈7¨



Thble 3.2 Wavelength list of neon lines. Slmbol of 'b' in relative intensity means the line is

blended with other lines.

Wavelength Ion charge
Order

(A) state

Relative  FWHM FWHM  Ion temperame

imensity oiXel⇒ `)   (ev)

357.831

357.95

358.48

358。721

359.39

365。61

379。31

387.141

388。218

399.82

401.14

401.93

403.26

416.20

416.82

421.609

433.176

433.24

435。649

451.843

452.745

454.072

465。221

469.773

469。82

NeIV

NeV

NёV

NeIV

NeV

NeV

NcIⅡ

NcIV

NcIV

NeVI

NeVI

NёVI

NёVI

NeV

NeV

NeIV

NёVI

NeIV

NeVI

NeVI

NeVI

NeVI

NeVⅡ

NeIV

NeIV

b

b

b

b

44。0

46.4

6 . 8

4 . 5

7 . 5

138.1

269。9

696.2

153。0

0 . 7

4 . 8

6。7

b

b

54.4

8。1

15。7

24.3

976。1

b

b

0.22

0.23

0.22

0.25

0.24

0.23

0.23

0.23

0.24

0.23

0.23

0.22

0:24

0.20

0.23

0.24

0。26

39±30

51±34

13±13

131±102

37±37

54±22

51±21

55±21

77±26

33±18

45±23

25±15

61±21

40±40

175±77

216± 80

347±93

6 . 2

6 . 3

6 . 0

7 . 0

6 . 6

6 . 5

6 . 4

6 . 5

6 . 7

6。3

6 . 4

6 . 2

6 . 7

5。8

6。5

6。7

7 . 2
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469。866

469。921

480.41

481.28

481.36

482。99

488.10

488.87

489。5

489.64

490。31

491.05

521.741

521.820

541.127

542.073

543.891

558.59

558.61

559。947

561。378

561.728

562.80

562.992

564.529

568.42

569。76

569.83

572.11

NeIV

NeIV

NeV

NeV

NeV

NeV

NeIⅡ

NcIⅡ

NeIII

NeIII

NeIⅡ

NeIⅡ

NeIV

NeIV

NeIV

NeIV

NeIV

NeVI

NeVⅡ

NeVⅡ

NeVⅡ

NeVⅡ

NeVI

NeVⅡ

NeVⅡ

NeV

NeV

NeV

NeV

b

b

20。3

b

b

109。8

8 . 4

7 . 5

b

b

6 . 4

9。1

b

b

49。1

101.7

155.8

b

b

100.3

b

b

b

b

126.4

73.9

b

b

b

0。24

0.21

0.22

0.22

0.22

0。22

103±50

168±75

28±27

56±47

16■16

24±24

65±36

54±32

52±36

143±74

245± 66

90±42

6.3 0.23

6。6

6 . 0

6。1

5。6

5。9

０

　

１

２

　

２

０

　

０

6 . 2

6。1

6。1

6。7 0。24

0.26

0.23

２

　

４

７

　

６
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572.34

770。409

780.324

895。18

1006。1

1010.6

1248.28

NeV

NeVⅡ I

NeVⅢ

NeVⅡ

NeVI

NeVI

NeIX

b

1021.6

492.0

23.5

2 . 0

3 . 7

12.5

7 . 0

7 . 0

6 . 6

6 . 0

6。3

21.6

0.25

0.25

0.24

0.22

0.23

0。78

112±31

108±30

53±19

8±8

22±16

283±47

2

2

2

1

1

1

1
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Table 3。3 Wavelength list of argon lineso Sy直 bol of`ArUn'in ion charge state lllealls血

wlclassiied line and the ion charge in brackets ab the`ArUn'indicates pOssible ionization stage

cvaluated hm ale ion tmperameo s〕 血bol of`b'in relative intensity means th line is blended

with other lines.

Wavelength

(為

Ion charge

state

Relative FWHM
Order

intensrty (pixels)

FWHM Ion temperature

(A) (ev)

353.92

389。14

424.01

436。67

443.40

445。997

446。949

447.53

449.065

449。49

451.20

451.87

457.48

462.0096

462.1373

473.938

475。654

475。73

479。379

479.49

486。60

495.55

501。07

ArXVI

ArXVI

ArXV

ArV

ArIV

ArV

ArV

ArV

ArV

ArV

ArIV

ArIV

ArVI

ArIV

ArIV

ArVⅡ

ArVⅡ

ArVⅡ

ArVⅡ

ArVⅡ

A r U n ( D

ArIV

ArVⅡ

6。9 0.25

637± 127

615± 114

480± 119

119±61

210±80

45±37

144±64

40±32

53±53

138±57

1 . 3

12.8

16.4

96.0

135。1

32.7

b

b

b

b

b

b

41.3

b

b

b

b

b

b

b

56。3

16.7

74。0

9 . 0

9 . 4

9 . 2

6 . 7

7 . 3

6。2

0.32

0.34

0。33

0.24

0.26

0.22

0.22

0.24

0.25

6。2

6 . 6

7 . 0
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508.44

519.43

524.19

526.46

527.69

544.73

548.91

551。37

555。64

558.48

585。73

588.92

589.78

594.10

596.69

618.63

619。04

630.30

634.23

635。15

637.05

637.28

637.47

641。36

641.32

641.81

643.25

644.37

649。03

b

68.9

b

b

15。7

23.9

41.2

108.1

b

b

478.3

16.5

3 . 7

6 . 2

18。6

8 . 4

8 . 2

b

23.4

5 . 0

b

b

b

b

b

b

b

28.1

7 . 3

60±35

150±45

93±43

97±44

288± 141

21`綱=121

218± 122

258± 132

240±217

194± 110

248± 124

217±113

293±131

271±158

1136±253

ArIII

ArVⅢ

ArV

A r VⅢ

A r V

AFVI

ArVI

ArVI

ArVI

A r V

ArVⅡ

ArVI

ArVI

ArVI

ArVI

ArUn Ⅳ I‐V助

ArUn Ⅳ I‐VⅢ )

ArVⅡ

ArVⅡ

ArV

ArVⅡ

ArIII

ArVⅡ

ArIII

ArVⅡ

ArIII

ArIII

ArVⅡ

ArXⅡ

6。9 0.25 111±50

6 . 5

6。9

6。9

6。9

6 . 7

6 . 5

6 . 5

6。7

6。6

6 . 5

6 . 7

6 . 6

6。9

0.23

0.25

0.25

0.25

6。9

9。5

0.24

0.24

0.24

0.24

0.24

0.23

0。24

0.24

0:25

0.24

0.34
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670.39

683.28

689。01

690。17

700.245

705.35

709。20

713.812

715。60

715。65

725。11

754.93

767.06

767.71

801.09

822.161

827.052

827.35

834.88

840。03

843.765

850.596

871.100

875。530

878。731

879.62

887.40

ArUn

ArIV

ArIV

ArIⅡ

A r VⅢ

Ar V

A r V

A r VⅢ

ArV

ArV

ArV

ArVI

ArVI

ArVI

ArIV

ArV

A r V

A r V

A r V

ArIV

ArIV

ArIV

ArIII

ArII

ArIII

ArIII

ArIII

b

14。8

27.2

b

211.7

0 . 8

7 . 3

94.9

b

b

1 1 。 1

21.5

34.1

b

15.0

2 . 9

b

b

b

b

22.9

35。6

b

2 . 6

11.4

3.1

b

0.23

0.23

0。24

0。19

0.25

0.25

0.23

0.24

0。25

0.25

0.25

0.24

0.24

0.23

0.24

0.23

159±90

141±84

190上96

<50

220±102

221±101

134±78

153±80

184±78

19485

172±78

125±65

134±66

70±47

108±58

81±50

6 . 5

6 . 5

6。7

5 . 4

6。8

6。9

7 . 0

6。9

５

　

６

　

８

６

　

６

　

６

6 . 7

6。7

３

　

６

　

４

６

　

６

　

６
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Table 3.4 Line lists of carbon, neon and argon vuv lines useful to specfioscopic measurement.

Ion charge state Ionization potential(ёη Wavelength (A)

CⅡ

CⅢ

CⅣ

CV

NeIII

NeIV

NeV

NeVI

NeVⅡ

NёVⅢ

NeIX

ArIII

ArIV

A r V

ArVI

ArVⅡ

A r VⅢ

ArXV

ArXVI

24

48

65

392

63

97

126

158

207

239

1196

41

60

75

91

124

143

854

9 1 8

1334.5323,1335。 7077

977.02

1548。20,1550。77

2270.89

379.31

421.609

365.61

435。649

465.221

770。409,780。324

1248。28

878。731

443.4

436.67

551.37

585。73

700.245,713.812

424.01

353.92,389。14
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F'ig. 3.1-2 VUV specta from neon discharges.
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Fig.3.2-9 VUV spectra from argon discharges.
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3.2. Identification of Ml lines of Al, Aro Ti and Fe

3.2.1. Introduction

Forbidden lines arising from magnetic dipole (M1) transitions of highly charged ions are

interesting in diagnostic applications of magnetically confined fusion plasmas in addition to

spectroscopic studies of the atomic struchre. These Ml lines are generated by electron

transitions in ns2np* (*: I to 5) ground and nsnp (n:2,3) excited configurations between

the fine structure states of highly charged ions. The wavelength of the Ml line is longer

than that of an allowed (El) line in the same ionization stage. Some of the forbidden lines

in highly charged ions of medium-Z impurities are emitted in the visible reglon. Spatial

intensity profile and the Doppler broadening of such forbidden lines can be easily measured

with the visible spectroscopy, which does not require any vacuum system and allows the use

of optical fibers.

Several Ml transitions of highly charged ions have been studied in laboratory and

astronomy plasmas 1371. The first measurement of the Ml transition in a fusion

experimental device was made in the Princeton Large Torus tokamak t38]. Since then,

many observations of the Ml lines from I\gh-Z elements larger than Z:21have been done

in magretically confined plasmas to measure the wavelengths, impurity densities, ion

temperatures and radial intensity profiles rnainly in the visible region 137 461. Although

the Ml transitions with elements smaller than ZF28 have been also obserued from

astronomy plasmas such as solar corona, nebula and several kinds of stars by using satellites

in the visible and VUV region l:47-50l,the data quality from them are not quite enough, e.g.,

for the accurate determination of wavelength. Recently, the studies on the Ml transitions

including argon (Z:18) have been extensively done in the Electron Beam Ion Trap (EBIT)

t5l-55]. However, the data are rnainly limited to the visible range, because the intensity of

‐71‐



Ml lines from the EBIT is very weak and a long exposure time is required to take a good

signal to noise ratio.

In the Large Helical Device (LID), to the contrary, argon discharges with high purity

have been successfully operated without any instability and the argon emissions have been

observed with strong intensities. Many Ml transitions of higNy charged argon ions were

fonnd and identified in such argon discharges by analyzrng their Doppler broadening,

temporal behavior and spatial intensity distribution [56]. Furthermore, the Ml transitions

from metallic elements have been also observed by iqjecting the impurity pellet t571. The

study on the Ml transition has bee,lr done not only in the visible region, but also in the VW

region using a 3m normal incidence spectrometer, since those lines are very bright. The

wavelengths of the argon Ml transitions are accurately determined in the visible and VUV

ranges.

h this section, the wavelengths of the Ml transitions carefully determined from

aluminurrU argon, titanium and iron spectral lines are presented and compared with previous

experimental and theoretical works. Some of lines are newly identified in the present

study.

3.2.2. Instrumentation

Vacuum ultraviolet (VW) spectra have been measured by using a space-resolved VW

systern, which consists of a 3m normal incidence spectometer with a l200grooves/mm

grating, charged-coupled device (CCD) detector (I024xl024pixels, l3pmxl3pm/pixel) and

a pat of mirrors for view-angle adjustment [58, 59]. Extreme ultraviolet (EW) spectra

have also been measured using a flat-field EUV spectrometer with the CCD detector t60].

Visible spectra have been measured using a 50cm Czerny-Turner type spectrometer

(Chromex model 500is) equipped with CCD detector (l024x256pixels, 26ymx26prn/pixel).

Low-resolution l00grooves/mm gratings were selected for monitoring a wider spectral band.

High-resolution visible spectra have bee,n measured using a 1.33m Czerny-Turner tlpe
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spectrometer equipped with an l8OOgrooves/mm grating and CCD detector t6ll. The

visible emission was collected by a focusing lens and transmitted by optical fibers with a

core diameter of 100pm. The fibers installed on the diagnostic port were a:raRged

vertically for meas,rring vertical distributions of the LHD plasma poloidal cross-soction with

a spatial resolution of 50 mm. The end of the fibers at the other side was coupled on the

entrance slit of the visible spectrometer.

3。2。3. Identirlcation ofMl transitions

(a) Arx 2s22p$ (F.tlke) (blArx z*zf(oJlksl
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M| and E2 transitions are also shown with the arrows. The width of the arrows represents

the spontan@us transitionprobability. The wavelengths of the Ml and E2 lines have been

calculated with the multi-configuration Dirac-Fock method 1371. The Ml lines observed in

our experiment are indicated with the bold italic fonts. Several Ml lines in the first excited

state configuration are observed, though the ground state of the BeJike ion consists of a

singlet term and hence has no transitions in it. Since the F-like and B-like ions have only

two fine-structures in the ground configuration, the detection of ArX 5533A and ArXIV

44l2lbecomes relatively easy.

645 650 655 660 665 670  675

735 74A 745 750 755   760  765

1670 1675 1680 1685 1690 1695 1700
Wavelength (A)

F'ig. 3.9 VW spectra from argon plasmas measured with 3m normal incidence specfrometer.

Italic fonts indicate Ml lines observed in this work.

In the present observation four and five Ml lines in the VUV and visible wavelength

ranges were identified, respectively. Figrre 3.9 shows the examples of spectra obtained in
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the VUV region for argon disctrarges. Most of the lines are identified to be El lines from

relatively low ionization stage argon ions and only a few lines are considered to be Ml lines

from highly ionized ions. In order to confirm our identification on the Ml lines, the

Doppler broadening, temporal intensity behavior and spatial intensity distribution of the Ml

lines were examined and compared with those of low ionization stage ions.
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indicate raw expenmental data and solid lines are Gaussian ftting cwe.

FittК  3.10 showsthe Doppler bЮ adening pЮ ■les ofthe ArVⅡ  El line(3s3p3P2‐3p23Pl:

6 4 4。37メo,A r XⅡ  M l  l h e ( 2 s 2 2 p 3 4 s 3 2…
2P 3が
64 9 0 3±0。02メo,a n d  A r X V I  L iぃli k e  E l  l i n e

(ls22s 2sみls22p 2Plが389.14わ。The inst_ental width,the ml width tt halfmaximum

cF― ),ofthe 3 m no―l incidence spectrometer is knowll to be 5。7■1.O pixels on the

CCD detectot and the observed ArIII line has a sIIIlllar width to the inst― ental width.

The measllred ion temperame of ArVⅡ (TF271=158ё V)haS a large eror as Shown in Fig.

3.10(→.h COntrast,the widths ofthe ArXⅡ  and ArXVI lines are mllch bЮ ader than the

inst―ental width as shown in Fig。3.10o)and(c),and relatively high temperatures are

obtained for ArXⅡ (991±334eV)and ArXVI(1831± 675ёV). FmhermOre, the i6n

temperature of ArXVI is a little hi■er than that of ArXⅡ,ren∝ ting a direrence of

ionization potentials cArXⅡ  618eV and ArXV1 918eV),whiCh means the drerent radal

location in the plasma.Uslng the sanle lnamer9 the ArXI(2s22p43Pl」sが745.81■O.02わ,

ArXⅡ (2ζ
22p32D32~2P3が

1685。ll■0。02わ ,and ArXⅡ I(2s22p23Pl」sぴ 656.67■O.02わ lines

have also been identifled as the Ml lines.The ArXII(2s22p34s32¨ 2P12:670.34・■O.02Å

[50 ] ) l i n e  i s  a l s o  p r e s e n t  i n  t h e  s p e c t r a  o f F i g。2(a ) b u t  t h a t  h n e  i s  b l e n d e d  w i t h  U n c l a s s i i e d

line ofargon 670。39A.

An example of宙 sible spectra is showll in Fig。3。H(o indiCating ive Ml transitions of

ArX(2s22p52P32′ Plが 5533わ ,ArXI(2s22p43P2‐
3Pl:6917め

,ArXⅢ (2s22p23Pl_3Pが

8340わ j拝 Ⅳ (2s'2p2P12′P3が 4412わ ,and ArXV(2s2p3Pl…
3Pが
5944為 。 Some

hydrogen and carbon lines are als。ldentiied.¶ 臨 ArXIV linc is blended with two ArII

lines in this low‐resolution spec― .The ArXI,ArXⅣ  and ArXV wavelengths are

pКcisdy ddermmed using Кference lines of NeI(5944.834為,ArH(4400。986Åand

4426.001わ,and BⅡ(2X3451.287わand Nd(6929.467わ,Кspectively Thetwo Ml lhos

of ArX and ArXV are isol江ed hm other lines having a strong intenstt Ъtt intensity

analysis was used those宙sible Ml lines with resonance lines cArX 2s22p5 2P32‐2s2p62slが

165。53Å and ArXV 2s21s。 _2s2p lPl:221。 15わ h EUV spectra(SCe Fig。 3.1lo)and chapt∝

4)。
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The Ml transitions of ArX-XV were compared with previous works. Results are listed

in Table 3.5 with experimentally obtained and theoretically calculated values in other works.

Wavelengths of the Ar Ml transitions in the VW range are newly determined here with

high accuracy as the experimental value. For example, the wavelength of ArXtr VUV line
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is detenrrined as presented in the table and the measured wavelength of 649.03+0.024

shows a good agreement with the theoretical value of 648.93*0.274. The ArXItr

(834OI34) does not have other experimental data for comparison. The ArX (5533t2A)

and ArXm (8340+lA) have no good accuracy because the low-resolution gratings were

used for the observation. Four visible lines of ArX, ArXI, ArXIV and ArXV have been

already investigated with high-precision measurement by EBIT [5 1]. The prese,nt work on

the five lines also shows an excellent agreement with the previous results.

Observation of the Ml transition from medium-Z metallic elements was done by injecting

metallic pellets into the LHD plasmas using an impurity pellet injector 1571. The metallic

impurity pellets of cylindrical aluminum of 0.8mmo in diameter and 0.8mml in length,

cylindrical titanium of 0.5mmox0.4mml and hemisphere stainless (iron) of O.Smmox

0.3mml were used in the present study. The velocity of the pellets ranged in 200-300m/s

and the pellets were ablated at half radius of the plasma. Line radiations from the irliected

metallic ions continue during 100-200ms with a temporal behavior after the pellet injection.

Figure 3.12 shows VUV spectra including the Ml transitions of metallic ions such as

aluminurn, titanium and iron. Identified Ml transitions are indicated by bold italic fonts

with their wavelengths. These results are listed in Table 3.6. The Ml VW lines arising

from the same configwation of 2s22p2 'P,-tSo are measured at AIVItr 1058.02+0.02A.,

ArXItr 656.67*0.024 and TiXVfr, 470.69L0.02A with a good accuracy. Wavelengths of

almost all the Ml transitions determined here are successfully improved through the present

work. The Ml transitions of ArX 5533A, TiXIV 2118.154 and FeXVil 974.85A

appearing from the same configuation of 2s22ps'Pr,r-'Pr,, are used in the analysis on line

intensity ratios mentioned in the chapter 4.

3.2.4. Summary

Forbidden lines originated in magnetic dipole (Ml) transitions of highly charged Al, Ar,

Ti and Fe ions were measured in LHD. Several VW and visible lines are identified as the
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Ml transition by amlyzing the Doppler broadening, temporal intensity behavior and spatial

intensity dependence. Wavelengths of these Ml transitions were determined with high

accuracy and have a good agreement with previous experimental and calculated values.

1045   1050   1055   1060   1035   1070   1075

2100 2110    2115    2120    2125

960 965 970 975 980 985 990
Wavelength (A)

Fig. 3.12 VW spectra from imFurity pellet injected plasmas measured using 3m normal incidence

spectrometer. (a) Al pellet, (b-d) Ti pellet and (e) Fe pellet. Italic fonts indicate Ml lines observed

in this work.
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Table 3.5 Wavelengths of Ar Ml transitions determined from the present work in comparison with

previous data.

Spectra Transitions
Observed wavelengthsの

Calculated

wavelengths (A)

This work

ArXIU 2s22p4',P,-tso

ArXtr 2s22p3 oSr,r-'Pr,,

Arxtr 2s22p3'Dr,r-'Pr,,

ArxItr zs2zf 'P,-tso

Arxb 2s22ps'Pr,r-'Pr,,

ArXIb 2s22p4',Pr-',P,

ATXIIIb 2s22p2',P,-',P,

ArXrVb 2s22p'Pr,r-'Pr,,

ArXVb  2s2p 3Pl_3P2

745。81±0。02  745.80± 0.02[50]
746.0±0.4[37]

745。95[65]

648.93± 0。27[37]

1686.3± 1.8[37]

656.73± 0.28[37]

656.69[64]

5533.39±0。21[37]

5534.0[64,66]

6931±24[37]

6917[64]6916[65]

8303± 40[37]

4416± 4[37]

4412.2[64]

4413.2[67]

5944± 25[37]

5943.7[64]

649.03± 0.02

1685。11±0.02

656。67±0。02

5533± 2

6916.88± 0。02

8340± 3

650[63]649[50]

1687[63]

656.67±0。02[50]

5533.265± 0.002[50]

5533.4±0.13[62]

6916.878±0。012[51]

6916.86±0。06[53]

4412.559±0.001[51]

4412.57±0。02 4412.50± 0。03[53]

4412.6±0。08[54]

5943.880±0。005[51]
5943.87±0。02

5943.73±0。04[53]

"in vacuum bin air
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Table 3.6 Wavelengths of Ml fiansitions determined from the present work in comparison with

previous data.

Transitio郎
Observed wavelengths (A)

Calculated

wavelengthsの

This■ ork   Others

AlVTtr

TiXVU

TiXVI"

TiXVtr

Tixry

TiXVIb

TiXVtrb

TiXVtrb

TixD(b

FeXVIIIU

567.21±0.02

456。12±0.02

470。69±0.02

2118。15±0。02a

4637±2

3370.92±0。02

3834:91±0。02

6092± 10

974:85±0。02

s67.421631

4s6.1+0.3 I37l

4s6.r [63]
470.4*03 [37]

470.60163l

2tt7.tH}.zb 1lt1

463s.6*0.3l37l

3370.8*0 .2l37l

3834.4*0.21371

zs22p2'P,-tso

zs22p4'Pr-tso

2s22p3 osr,rlPr,,

2s22p2'Pr-tso

2s22p52P3/2′P1/2

2s22p32P1/2¨P3/2

2s22p2'Po-'P,

2s22p 'P,-'P,

2s2p 'Po-'P,

2szzps 'Pr,rlPr,,

1058。02±0。02  1058[63]

r0s8.Gj0.7 l37l

r0s7.6 [64]

s67.4r*0.161371

567.4r 1641

4s6.1G!0.05 [37]

4s6.t0164l

470.s4+0.rr [37]

470.s41641

2rr7 .t2+0.1 sb [37]

4639+s l37l

3370.8Gr0.23 l37l

3834.4+0.4l37l

60e2*r6l37l

974.86±0.02[37,50] 974.858± 0.019[37]

ain vacullm bin alr
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3.3. Ml lines of high-Z elements (k, Mo and Xe)

3.3.1. Introduction

Impurity spectroscopy has been usually done in VW and EUV ranges below 10004 in

fusion plasma research measuring allowed (electric dipole: El) transitions of highly charged

impurity ions. h D-T burning plasmas in the futrne a gratrng and CCD detector of the

VW (or EUV) spectrometer are possibly damaged by the high neutron flux. Moreover,

the tritium contamination of the spectrometer is also a serious problem in a view point of

safety in addition to a negative effect to the detector. On the contrary, the visible

spectroscopy with optical fibers can easily separate the spectrometer from the burning fusion

device. This gives an extremely large advantage to such the burning plasma impurity

spectroscopy.
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F増 .3。13 Zd"endence ofwavelenwS fOr si― like[68,103]and Ti‐ like[69,86,87]Ml加 ■nitiOns.

Forbidden cmagnetic dipolα Ml)tranShiOtt emitted among ns2npk(卜1‐5)gFound ttates

have been recently observed in laboratory iSion plaslnas[68].h impOrtance ofthe Ml
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transition is that the spectral lines are mainly emitted in the visible range. However,

wavelengths of the Ml transitions become aganbelow 25004 when the nuclear ntrmber of

the element, Z, is greater than 40 (see Fig. 3.13). Fifteen years ago, Feldman, Indelicato

and Sugar found that the Ml transitions of 3da tDr-tD, from Ti-like ions are emitted in the

visible range for heavy elements of 6037392 1691, as shown in Fig.3.l3. Since then, the

Ti-like Ml transitions have been studied on theoretical and experimental works. Especially'

the experiment has been extensively done in electron beam ion trap (EBIT) devices [70-88].

On the other hand, the heavy elements zuch as molybdenum and tungsten are one of

candidates to plasma facing materials in ITER. If the impurity diagnostics of such heavy

impurities is possible in the visible spectroscopy, the essential difficulty related to the

impurity diagnostics in the burning plasma will be solved. Visible Ml transitions from

argon have been studied and the wavelengths and the physical processes on the Ml emission

have been analyzed in details in Large Helical Device GfD) [89-91]. The Ml transitions

from highly charged heavy impurity ions of Kr, Mo, Xe and W have been also surveyed in

visible and near-UV ranges above 2500A. In this paper results of the survey are reported

with the line analysis and the measured Ml transitions are listed with precisely determined

wavelengths.

3.3。2. Experilnental setup

The Kr all Xe are Oxtemally pured at the begiming of LHD NBI discharges for the

present sヽ. When the rare gas is pured dwhg discharges,the pⅢicle Supply becoIIles

ine五cient due to the scre―g erect of the ergodic lay∝ Typical plasllna parameters of

the discharges are the electron temperame Of■～1‐2keV and the electron density of

ne-2‐5x1019m~3.The mgnetic idd strength in the present expe― ent is 3T at the

mgnetic axis.The Mo and W are ttected by a method ofimpurity pdlet ittectiOno The

carbon pellet including a thin wire(0。1‐0.2mm in diameter and O.5nlm in lengthb instead Of

pllre metallic pellets is itteCted into the LHD discharges to avoid the pla錮餞 themal
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collapse. 192,93]. The Ml transition is obsenred using a 1.33m Czerny-Turner-type

spectrometer with a 1800 grooves/mm grating and a back-illuminated charge-coupled device

(CCD) detector 1941. Reciprocal liner dispersion of this spectrometer is 3.85fumm. The

visible ernission is collected by a focusing lens and transmitted by optical fibers with a c,ore

diameter of 100pm. The fibers are installd and arranged onthe window of the diagnostic

port. The end of the fibers at the other side is coupled on the entrance slit of the visible

spectrometer. The size of the CCD exposure area is 13.3x13.3mm' (13x13pm2/pixel) and

the total nnmber of channels are I024x1024. The CCD is operated at -20"C to reduce the

thermal noise down to a negligible level.

3.3.3. Results and discussion

600

500

400

300

200

100

0
3440 3450 3460   3470   3480 3490

Wavelength (A)
Fig. 3.14 Spectrum with KTXXII Ml transition. Italic fonts indicate the Kr Ml lines.

Figure 3.14 shows spectrum of the Ml transition of KrXXtr (Klt*: P-like) 3s23p3

'D,r,r-'Dr/2 3463.75*0.054. The KrxXtr line has a wider Doppler broadening as compared

with other lines in low-ionized charge states, because impurity ions in higher ionization
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stages exist in higher temperaftre region of the plasma. Then, it is easy to notice the

existence of the Ml transition in the spectrurn, if the intensity of the Ml transition is enough.

The wavelength of the Ml transition is carefully determined by interpolation between well

known lines of Btr 345L3030A and ArItr 3480.554. Boron is brought into LHD with

boronization for wall conditioning. Since Kr gas is puffed in low-denslty Ar discharges in

the present study, Ar lines are visible with higb inte,lrsities. It is seen that enrission lines

from low-ionized ions are splitted by the Zeenan effect. There exists an unlrrown line at

3466L. This line has approximately identical Doppler broadening to the KrXxtr Ml

transition. Thereforeo the unknown line is also estimated to be the Ml transition.

The measured Ml transition of KrXXtr is listed in Table 3.7 with the wavelength

determined in the present study. The error value of, wavelength is only determined by the

Doppler shift of plasmaso which is estimated from the line shift distribution measured using

several discharges, since the statistical error in the present experiment is much less than

0.02,4.. Experimental results from EBIT are presented for comparison. The wavelength

accuracy obtained here is much better than the result from EBIT. The difference in the

brightness of the Ml transition between the LHD plasma and EBIT is the main reason why

the determined wavelength accuracy is so different, because the error in wavelengths are

essentially determined by statistical error as a function of the signal counts when the

measnred line is amlyzed with line fitting. The Ml transitions from LHD plasmas are

really much brighter than the EBIT. It is estimated the difference is in order of 103-105.

Theoretically predicted wavelengths are also listed in the Table 1. However, the calculated

values are much different from the measured value. At present it is very difficult to

calculate theoretically the wavelength in healy elements because of the complicated atomic

system.

KrXXII (Kf'*: Si-like) 3s23p2'P,-'P, 384L07r0.034 is observed in the sirme

experimental condition as the KTXXII line, as shown in Fig. 3.15. Here, HI 3835.384A and

ArII 3850.5814 are good reference lines for the wavelength determination. The

wavelength of the KrXXru Ml transition is widely examined in several experimental works

from EBIT (see Table 3.7). Only one of them is obtained from tokamak of TEXT 1321.

‐85‐



The high_precision wavelength ofthe KrXXⅢ  line is F"Orted k)m the EBr as a valuc of

3841.146■O.002Åwith an elaborate fltting procedwe[35].

500

400

300

200

100

0

3820 3830 3840 3850   3860
Wavelength (A)

Fig. 3.15 Spectrum with KTXXIII Ml transition. Italic fonts indicate the Kr Ml line.

A spectrum of MoXXD( (Mo28*: Si-like) 3s23p2'Pr-'P, 2842.10*0.05A in the same

isoelectronic sequence as the KrXXtr line is shown in Fig. 3.16. The vertical scale in the

figure is adjusted to the MoII lines for good understanding. The MoXXD( wavelength is

determined by the several Motr lines. Carbon lines are recorded in Fig. 4. The carbon is

a unique abundant irnpurity in LHD and mainly originates in the carbon divertor plates.

The MoXXD( line is measured in PLT tokamak at the first time t681. Other experimental

works are done in EBIT t751.

A spectrum of XeXXXII (Xe32*: TiJike) 3d4 5Dr-5D2 4139.01*0.024. is traced in Fig.3.l7.

The Ti-like XeXXXII measured in LHD is obtained for the first time in laboratory fusion

plasmas, whereas the several experimental results are reported from EBIT (see Table 3.7).

High ionization energy is required to produce the Xe32* ions in plasmas in addition to the

stable discharge without MIID instability. The LHD discharge is really favorable to the

study of the highly ionized heavy elements. The wavelength of the XeXXXItr determined
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here is in good agreement with the calculated result of 4138.3A. Hatree-Fock approach

including relativistic corrections is done with semi-empirical adjustmants considering the

experimental results [86] (see Table 3.7).

2820    2830    2840    2850    2860
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Fig.3。16 Specmm with MoXXIXlM[l transition. Italic fonts indicate the Mo Ml

・
５

ｏ
０

５

ｏ
Ｏ

・
５

０

２

　
　
　
２

　

　

　

１

　

　

　

１

　

　

　

０

Ｔ
Ｅ
●
●
戦
攀
〓
ヨ
ｏ
ｏ
ｏ●
じ
む
一ｏ
〓
騨
ニ

０

０

０

０

０

０

０

０。

５。

４０

３。

２０

１０

（０
０
・０
０ヽ
〕Ｃ
〓
０
０
）
ゝ
〓
０
〓
ｏ
”〓
一

line。

4120 4130 4140 4150 4160

Wavelength (A)
Fig. 3.17 Specfum with XeXXXII Ml transition. Italic fonts indicate the Xe Ml line.

“
Ｎ
．”
せ
”
Ｎ

〓
ｏ
〓

Ｄ
Ｆ
．Ｎ
呻
”
Ｎ
〓
０
〓

ぃ０
い
．慰
Ｈ
〕Ｑ
資
じ
０
公
ヤミ

呻
▼
．●
▼
”
Ｎ
〓
ｏ
〓
　
　
寸
胃
．卜
甲
∞
Ｎ

】̈０
日

∞
Ｎ
．”
崎
”
Ｎ

〓
０
巨

，
”
．“
●
∞
Ｎ
〓
０
〓

ｏ
Ｎ
．ｅ
一
∞
Ｎ

〓
０
〓

呻
ト
ロト
Ｎ
”
Ｎ

〓
０
〓

Ｆ
卜
．０
一
”
Ｎ
〓
０

０
”
．寸
”
∞
Ｎ
〓
ｏ
〓

寸
寸
．Ｔ
ｅ
∞
Ｎ
一３
〓

崎
●
一
。０
崎
∞
Ｎ

】〓
６
）

●
●
．●
一
∞
Ｎ

〓
０
〓

一
●
．Ｎ
Ｎ
”
Ｎ

〓
０
〓

０
一
０
口
▼
Ｎ
▼
寸

〓
ｍ

い
０
疇０
的
い
ヽ

ヨ
む
０
こ
【
ｎ
ベ

寸
卜
．崎
寸
▼
寸

〓
一Ｏ
Ｘ

・87・



3.3.4. Summary

Ml transitions of KdXII (Klt*: PJike) 3s23p3 'Dr,r-'Drn 3463.75i0.054, KrXXm

(G'*: Si-like) 3s23p2'P,-'P, 3841.0710.03A, MoXXD( (Mo28*: Si-like) 3s23p2 'P,-'P,

2g42.1w0.05A, XeXXXII (Xe32*: Ti-like) 3d4 5D3-5D2 4139.01+0.024 have been observed

with high accuracy in Large Helical Device. These observed Ml lines are useful to the

visible impurity spectroscopy in D-T burning plasmas.
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Table 3.7 Ml transitions of heavy impurity elements observed in the present study and determined

wavelengths. Comparison is made with former experimental works and calculated results.

Observod (A) Calculated (A)

Specm Transition
1lds work

KIXXⅡ

(K′
1+)L=990ёV

LXXⅡ I

(KP24)

935ёV

MoXXⅨ

(M。
2肝
)1590eV

Xe― IⅡ

(xe324)

1920ёV

WLIII

(平
24)

4927eV

3 3ヾpl

2D3/2~D5/2

3s23メ3Pl_3P2

3s23p23Pl…
3P2

3d45D3~5D2

3d45D3~5D2

3463.75圭0.05   3464.7±0。6  [95]

3464[75] 3466.6± 0.2[96]

3841.07±0.03   3840。9±0.3[68,98,99]

3840.8圭2170] 3842.6[78]

3841.4±0。2[100]3840.5■ 0.9[81]

3841。1■0。2[96] 3843± 2[101]

3841.146±0.002[102]

2842。10■O.05 2841.1■ O.2 [68,98]

2840±2       [75]

4139.01■0.02   4139。4±2.0    [70]

4130±0.2      [77]

4138.7        [78]

4138.8鋤.7 [81]

4139±2       [101]

3626圭2       [80]

3626。7■0.5    [81]

3627.13■O.10[79,87]

3“a30[68]

3438±2   [97]

3663.5  [103]

383つ↓ИO  [68]

3845  [101]

3837.OEL6.5[102]

2712.1511       [103]

2834±40   [68]

3952.5          [69]

4130          [71]

4079.3          [73]

4036.59         [77]

4052    [78,101]

4155.3     [81]

4156.44         [82]

4125。9          [85]

4138:3    [86]

3546.1          [69]

3524     [71]

3601.5 [76]

3624.7 [81]

3625.68    [82]

3606。8          [85]

3627.2          [86]
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Chapter 4

Intensity analysis on Ml transitions

4.1. Introduction

It is known that the line intensity ratio of the Ml transition to the allowed (E1) transition

becomes sensitive to the electron density, because the dependence on the electron density of

the population mechanism for.the upper states of the Ml and El transitions is different U-31.

Since the transition probability of the Ml lines is very small compared with the El line, the

collisional de-excitation by electrons and protons is not negligible in a relatively

high-density region. Several theoretical calculations on the Ml/El line intensity ratio have

been carried out until now [4-11]. However, there exists no detailed experimental study on

the intensity ratio.

In this section, the intensity ratios of the Ml to El transitions are experimentally studied

and results are presented on ArX (55334/165A) and ArXV (5944 AtZZtA) with a simple

level population calculation. Contribution of fast proton impact, which is brouglrt by

180keV Neutral Beam Injection OIBD, to the ratios of F-like ions such as ArX, TiXIV

QllSA/122L) and FeXVm (975 A tV+i+) is also studied and analyzed with the calculation.
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4.2. Analysis of Hne intensity ratios

Figure 4.1 shows temporal behaviors of Ar line intensities (ArX 5533A and 165A, ArXV

5g44L and 22lL), hne intensity ratios of 5533fu165A and 594+AtntA', central ion

temperature Ti(0), central electron temperaflre Tr(0) and line-averaged elecfton density n"

in the argon discharge. The line-averaged electron density, which is measured by FIR

(far-infra red) interferometer, is built up by external Ar gas puff at F0.4s in ECH (electron

cyclotron heating) phase and is kept constant to be 0.3x1Orern3 lsee Fig.6(i)). Intensities of

argon lines rapidly increase aftq NBI (neutral beam injection) is turned on for firther

heating at t:0.8s. The electron temperature is measured by Thomson scattering and the

central ion temperatwe is determined by the Doppler broadening of an ArXVtr x-ray line

using a crystal spectrometer UZ!. Both the electron and ion temperatures gpdually

increase and at t:1.6s they reach the maximum values of T.(0)=3.5keV and T1(0)=4keV.

The transient-phase of the discharge is triggered by turning off the NBI at t-2.8s. kI LHD

a long plasma decay phase (t:2.84.0s) always appears, especially in such a low-density

discharge, because the magnetic surface for confinement is steadily completed by external

helical coils. No spectroscopic data during such a transient phase are used in the present

study to avoid a complexrty in the analysis. The line ratios between F0.8s and 2.8s during

NBI phase are used in the following analysis.

The excitation cross sections of ArXV 2s2p 'Pr-'P, are shown inFig. 4.2 as an example.

The electron impact data are calculated using a Flexible Atomic Code (FAC) based on the

relativistic configuration interaction with independent partisle basis wave firnctions and

continuum processes of the distorted-wave approximation [13]. The result calculated from

the FAC indicated with solid line showed a good agreement with that from the relativistic

distorted-wave method t14] indicated with closed circles. The proton impact data are

calculated with a close-coupling impact parameter method U5] and a semi-classical

collision theory [16] and both the results show a good agreement. Though the proton

impact data are available only for E>150eV, the values in the lower energy range should be

much smaller than the electron impact data and can be neglected. The electron impact

Ⅲ97‐



cross section has the maximum value at the threshold energy of 2.2eY, while for the proton

impact at En-360 eV.
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Fig. 4.2 Calculated electron and proton impact excitation cross sections, o, among fine structure

levels of ArXV 2s2p3Py3Pz as a function of electron and proton impact energy. Solid and dashed

lines are expressed electron impact (EI) and proton impact @I), respectively. Electron impact cross

sections are calculated by Flexible Atomic Code [13] (solid line) and relativistic distorted-wave

method [14] (closed circles) and proton impact cross section is calculated by close-coupling impact

parameter method [15] (dashed line).

In magnetically confined toroidal plasmas, the radial densrty profile of a certain ionized

stage impurity ion is mainly determined by the electron temperature profile. In order to

determine the T" where ions in a selected ionization stage exist, a radtal line intensity

distribution of the ions has been measured in the visible range with multi-viewing-chord

observation using a Czerny-Turner type spectrometer and fiber arrays. Tlpical examples

on the measured profiles are shown in Fig. 4.3 for Ml lines of ArX and ArXV. Since the

PI
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・
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ArXV 2s2ptP,, -tP,
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central electron temperature is high (-2.5keV), both the ArX and ArXV line emissions are

located in the edge region of the plasma. In the discharges used for the prese,lrt analysis,

slightly different locations are derived at p^O.8 between the two ions. The T" values for the

calculation are determined to be 376eY and 646eV for ArX and ArXV, respectively. The Ti

values for ArX and ArXV are estimated from those of ArXtr (991 eV) and ArXVI (1831 eV)

shown in Fig. 4.3 assuming an appropriate T; profile. Consequently, the Ti values of 557eV

and 1050eV are derived for ArX and ArXV, respectively. The proton temperature is

assumed to be equal to the Ar ion temperaflre (Ti = To) io the following analysis.
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F'ig. 4.3 Vertical distributions of line-integrated ArX (5533A) and ArXV (59444) with solid lines

and T" profile with dashed line measured from argon plasmas.

4。3。 Line ra■ o ofF‐ hke ions(ArX,T凶 V and FeXVIII)

h order to a皿yze the density dependence of the Ml linc intensittt the F‐like ions are

selected as the simplest conflyation and the level‐population of ArX has been calculated

with quasi‐並∽け‐state rate equatiom,which includё hiま‐energy pЮton mpact excitttion
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between the fine structure levels.

three levels model, because the

considered to be relatively small.

This level-population calculation of ArX is applied to a

influence of electron cascade from higher levels is

The energy level diagram ofArX considered here is

2s2po 2s

2$22p5 2P

lr2(3)

lr2(2)

3r2 (1)

Fig. 4.4 Partial energy diagram of ArX with Ml (5533A) and El (165.53A and 170.63A) mnsitions

(EM: spontaneous emission, EI: electron impact collisional excitation and de-excitation, PI: proton

impact collisional excitation and de-excitattion). Horizontal line with hatch above figure indicates

ionization level. Integers in brackets at right hand denote states used in quasi-steady-state rate

equations with J values of levels. Width of arrows represents relative amplinrdes of transitions.

illustrated in Fig. 4.4. The numbers in the parentheses are the labels used to identiff the

levels in the following discussion. The atomic processes considered in the model are

drawn with arrows and their width represeirts the magnitude of the population flow under a

typical plasma condition. The population mechanism of the level I is rather simple and is

explained with the corona equilibriurn, namely, the population is determined on a balance of

the population inflow from the lower levels due to electron collisions and the outflow down

to the lower levels due to spontaneous radiative transitions. Consequently, the level 3

こ
う
０
．●
卜
ｒ

EM:寺

El:企↓
Pl:合●
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population proportionally increases with the electron densrty. On the other hand, the

population mechanism of level 2 is rather complicated because several processes are

competitive for the population determination owing to the small transition probability of the

level 2 to level I (1.06x102s-1). The population inflow to the level 2 is always dominated

by the collisional excitation from the level I and the radiative cascade from the level 3, and

their transition rates are proportional to the electron density: for the latter process the level 3

density is proportional to the electron densrty though the transition probability is constant.

As for the population outflow from the level 2, inthe low densrty case it is dominated by the

radiative transition to the level I and in the high density case the collisional processes

predominate over the radiative process. As a result, in the low density case the level 2

population increases with the electron density similarly to the level 3 population, whereas in

the high densrty case the level 2 population is saturated. The density depende'nce of the

line intensity ratio of E1/1v11 is thus understood qualitatively.

Five processes are taken into account to arnlyze the level 2 population, i.e., electron and

proton collisional excitation and de-excitation and radiative decay by Ml transition betwee'n

the level 2 and level l, electron impact ionization fromthe level 2 andradiative decay from

the level 3, as shown in Fig. 4.4. A set of quasi-steady-state rate equations in ArX (F-like)

configuration is given by

n l = n g l ,

n2[ne(C'21+Ce23+S2)十npCp21+勁,C●21+A21]=

ni(neC912+npCp12+勁,C・12)+n3(A32+neCe32),

n3[nc(Ce31+Ce32+S3)+A31+A32]=nlneCe13+n2neCち3,

where the subscripts of 1, 2, and 3 are the same meaning as Fig. 4.4. And n" and nn is the

electron and proton de,nsities, respectively, q the population density of energy level i, A1 the

spontaneous emission probability, C*ii the collisional-excitation rate coefficient when i < j or

de-excitation rate coefficient when i > j and Si the electron impact ionization rate coefficient

of level i. Here, the ng is normalized to l. The de-excitation rate is obtaind from the

Klein-Rosseland formula as

(la)

(lb)

(lC)
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%=itteも等
, (2)

where gici)is th9飢試itticd weiまt ofthe 10weri orupperj level,△耳J and Tx are the transitim

energy and the temperane of dectron or proton,resp∝t市ett h the Ar discharges 6f

LHD the amount of hydrogen is largely reduced since Ar glow discharge cleaning is

repeated before the lmtt discharge.The hydrogen denSity is determlned spectroscopically

with thc help of the impurity and 3‐dilnensional Hα diagnostics and ttr meaSurement.

Here,the valuc of、 ‐V5is used.The subscnpt ofゎ expreSSes a contribution of

collisional process by fast protons,which are o五ginally brought by hiま
‐energy neutral

beanl mJection oBD.The bem energy ofthe NBI used in LHD is 1800_ These fast

protons reduce theむ energlesコmmly throuま the c01liSion with themal electrons in the

plasIIla and the cnergles flnally becolne equal to the th― l ion temperatwe aier the

collision with themal io郎 。 A nЮ no‐energetic beam ofEゎ =100keV is then assunled in the

calculationo A little change of this energy has no inauence on the calculation result(See

Fig。4.2).The eXCitation rate coerlcient by the fast proton mpact is glven by CわJ=vゎ び
わ
1,

where vo is the velocity of fast pЮton and♂ J is the cxcttation cЮss section for the protolll

impact.The spontaneous trans■lon probab遺量ies ofthe Ml and El lines are given in the

atomic database table[17,18].The intensity oftransition k)mj to iis rprescnted by L=

、ヘト The F‐like ions ofTⅨⅣ and FeXVⅢ are also cacultted uslng the same mnller as

ArX.  Atonuc data of ArX,TⅨ IV and FeXVIII used in this calculation are listed in Table

4。1.

T h e  c a c u l t t i o n  r e s u l t s  o n  M 1 / E l ( L l A 3 D  i n t e n S i t y  r a t i o s  o f  A r X  5 5 3 3カ165Å,TⅨⅣ

2218A/122A and FeXVIⅡ  975ノ聯94A are slЮwn in Fig.4.5 as a mction ofthe dectЮ n

density h this calculation llo contribution ofthe fa飢―proton is taken mto a∝olmt(恥 =0).

T h e  i n t a s i t y  o f t h e  E l  l i n e  e s s e n t i a l l y  h a s  a  l i n e a r  d e p e n d e n c e  o n  t h e  e l e c t r o n  d e n s h y  i n  a l l

density range.However9 the intensity of the Ml line tends to saturate tt hiま∝ density

range since the radiative decay is limited b∝ause ofthe wdl valuc of sp6ntaneous d∝ay

rate.Then,strong electron density dependence is appeared in the line ratios of M1/El.

The density dcpendence ofthe ratios for暉,TⅨⅣ and FeXVⅢ appearsabove l×1016m‐
3,
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lxl0r8rn3 and lxl0rern3, respectively. This threshold density is mainly determined by the

transition probability of the Ml line.
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Fig. 4.5 Electron densrty dependence of line ratios on F-like ions of ArX (solid line), TiXIV (long

dashed line) and FeXVIII (short dashed line).

The population of the level 2,the upper level of the Ml line, is generally influenced by

the ion collisions because of its small excitation energy from the ground state, whereas for

the population of the level 3, which is the upper level of the El line, the effect is small.

The intensity ratio of these lines has little dependence on the electron temperature, since the

temperature ftmge considered here is quite high as compared to the excitation energies of

these levels from the ground state. Consequently, their rate coefftcients have the similar

dependence on the electron temperahre. The influence of the ion temperature on the

intensity ratios given in Fig. 4.5 is calculated and the results are shown in Fig. 4.6. A

relatively low densrty of n"=0.3x101em-3 is taken in this calculation (np=0) for the later

discussion. The ratios show slight dependences in the low temperature reglon, and are
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ahott constantin the region hi■erthan lo. Therefore,■can be mderstood the change

ofthe intellsity ratio ofM1/El is ascribed to the dectron dens尊

100 FeXV‖ 197

|ゴfFrrrrrrラグlrr±lTrrrrニ
TIXiV 2118Aノ122A

Ａ
／
FX 5533A′165A

４
１一
０４
１

Ｆ
Ш
ざ
巨

1。
‐2L

2
TI(keV)

Fig.406 1on temperame dependence ofline ratios oll F・ like lolls of ArX(solid line),TiXIV(10ng

dashed line)and FeXVⅡI cshort dashel line)。

h m thc MHineis dimcuh to be obSmed in the discharges without extemlimpunty

珂 eCtion,b∝ausc the MHines are very weako h order to IIleasllre the density dcpendence

ofthe ratio(M1/El)forthe medim‐ Z impurities such as TⅨⅣ and FeXVⅢ  high denshies

ncar 1020m~3 are nCeded with a collsiderably large amount of such impunties。■is quttc

d i r l c u l t  t o  h a v e  a  s m o o t h  d i s c h a r g e  o f  t h e  L H D  i n  s u c h  a n  e x p e n m e n t a l  c o n d i t i o n . h

contratt to this,the ArX linc has the density dttendence atコ 皿ch lower denshies of

1018…1019m~3. The argon discharges of LHD, which can be casily operated in

ne=0.2…1×1019m‐
3,prO宙
dc a very mce oppo― ty forthe present s、

4
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Fig. 4.7 Line ratios of ArX Ml/El as a function of line-averaged electron densrty (dotted circles:

experimental data, solid line: calculated result).

The Ml visible and El EUV lines were measured by scanning the Ar puff rate and

controlling the electron de,nsity. The result is plotted in Fig. 4.7 withthe calculated result.

The density in the figure is expressed by a line-averaged electron density, i", insteadof the

local density, n"(ArX), where the ArX is abundant, since it is difficult to obtain the density

profile with a good quahty from the Thomson scattering measurement owing to the low

density discharges. The density profile is obtained at higher density discharges and it is

known that the densrty profile is near flat. Then, the line-averaged electron densrty used in

the figure is roughly equal to the density used in the calculation. However, the data ate a

little scattered at densities to |}%below 0.5x10rem-3. This originated in a liftle difference

between the ;" and n"(ArX). The EUV spectrometer is absolutely calibrated using a

combination of continuum radiation measruement in the EW range and a use of the

branching ratio (CW 2s-3p 312L and 3s-3p 5801A'and 5812A transitions) [19, 20]. The

tendency of the experimentally obtained line ratios against the density is in a good
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agreement with the calculttion,althouまa Clear disCrTancy betweell experimental and

calculated values exists.  This direrence of 300/O is diSCussod with the result for the ArXV

line intmsity ratio“scribd h theお■owing sectbn.

‐０‐
　

‐００　
♂
　
ぽ
　
が

‐ｏ２　
‐０１

く
哺
０
〓
く
”
”
哺
ゅ

００
　

♂

く
Ｎ
Ｎ
〓
く
∞
）
Ｔ
Ｎ

０

　

　

　

一
１

０

　

　

０

く
世
躍
く
ゆ
卜
●

1。
‐2

102

101

1。
・2

1

ドJyI域爾測V｀
ヽ  1

F、__、

｀`
。も        (C〕 FeXVⅢ

いヽ し_し主= 、ヽし

{01e rc20016  1。
17 nfli13)

Fig. 4.8 Line ratios (Ml/El) of F-like ions for (a) ArX, O) TiXIV and FeXVIII with fast proton

impact excitation. Assumed fast proton densities are indicated in figure.

(a)ArX
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Contribution of the collisional excitation by the fast proton originating in the NBI for

plasma heating is examined. The result is shown in Fig. 4.8 for several cases of the fast

proton densrty values from l0r7 to l0tem-3. The number of fast-protons provided by NBI is

4.17x1020s-r at input power of l2MW with the injection energy of 180keV. The densrty of

the fast-proton is estimated to be 1.4x101ern3 where the energy slowing down time of ls and

the LHD plasma volume of 30m3 are taken into account. The ratio is largely affected by

the fast proton irnpact at lower density range and the enhancement of the Ml line intensity

depends on the proton impact cross section. The contribution of the fast proton impact to

the Ml line intensrty is reduced in the higher densrty range, because the electron collision

processes become dominant. The obsenration is attempted for TiXIV and FeXVm Ml

lines, since the ArX has no chance to obsenre the influence of the fast proton impact. kl

order to observe the line emissions of TXIV and FeXVItr, impurity pellets wsre injected.

kr Fig. 4.9 the results are shown with the calculation data. The experimental results of

TXIV and FeXVIII are absolutely calibrated data of EUV and VUV region. The 3m

normal incidence spectrometer with which the Ml VW lines were observed, the absolute

sensitivity has been calibrated by using the branching ratios (Lyy g72L- HB 48614 and LyB

1025A - Ho 6563A) and direct comparisons of CV 2271A, Cm 2296A and BtrI 2S2lL

which are accessible form both of VUV and visible spectrometers t20]. The te'lrdency of

the TiXIV ratio is in a good agreement with the calculation, but the FeXVII ratio has 50%

effor. This discrepancy of the FeXVItr ratio is discussed in the following section.

Unfortunately, the lowest operational density in LHD is 0.3x10rem-3 with the impurity pellet

injection and the intensrty ratios were obtained only in the densrty range higher than

0.4xl0tem-3. Therefore the contribution of the fast proton impact was unclear at present.
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Fig.4.10 Partial energy diagram of ArXV with Ml SgUAand El ZZt.tSi+and inter-combination

(spin-forbidden) qZ+.Ot]\ transitions (EM: spontaneous emission, EI: electron impact collisional

excitation and de-excitation, PI: proton impact collisional excitation and de-excitattion). Horizontal

line with hatch above figrre indicates ionization level. Integers in brackets at right hand denote

states used in quasi-steady-state rate equations with J values of levels. Width of arows rqlresents

relative arrplitudes of transitions.

4.4. Line ratio of Be-like ion (ArXV)

The level-population calculation is also carried out for ArXV to obtain the intensity ratio

of Ml/El lines, for which the lowest five levels are taken into account. The elrergy level

diagram is illustrated in Fig. 4.10, where the radiative and collisional transitions considered

here are also shown with the arrows. The width of the arrows represents the magnitude of

the transition rate under a tlpical plasma condition. The population mechanism of the level

薩
疇

EM: lr
El: + rl
Pl :  ++
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I and 5 is explained with the corona equilibriurn, which is the same as the level I and 3 for

ArX case. The level 5 population then proportionally increases with the electron density.

The fine-structure levels of 2,3 and 4 can be populated also by proton impact collision.

The levels of 2 and 4 are the meta-stable states which have no radiative decay. The

population inflow to the level 4, which is the upper state of Ml transition, is determined by

only the collisional excitation from lower levels having no radiative cascade from upper

levels, and this is a different point to the level 2 of ArX model. Intensities of three

emission lines (2s2p tP,-2s2 tso 2ZtA ,2s2p 
'Pr-'P, 5g44L and 2s2p 3Pr'2s' tso 424^4.; are

calculated. The following quasi-steady-state rate equations are used for the calculation for

た XV;

n l = n g l , (3aゥ

n2[nc(Ce21+Ce23+Ce24+Ce25+S2)+np(CP,3+Cp24)+%(C・23+Cわ24)]=

nineCe12+n30eCe32+npCP32+匈,C'32+A32)+n4(■Ce42+npCp42+勁,Cわ42)+n50oCe52

+A52),                                       |          (3b)

n3[ne(Ci31+Ce32+Ce34+Ce35+S3)+np(CP32+Cp34)+%(Cわ 32+C・ 34)+A31+A3']=

rlrr"C"rr+n2(n"C"zt*nnC'2,+nryC&z)+n+(n"C'+g+noCoo,+n&C&+r+A,al)+n5(n"C"53

+A53),                            (3c)

n4[nc(Cヽ1+C%2+CL:+C%5+S4)+np(Cイ 42+CP43)十 勁.(Ct唸 +c%3)+A43]=

(3d)

a n d

n 5 [ n e ( C e 5 1 + C e 5 2 + C e 5 3 + C e 5 4 + S 5 ) + A 5 1 + A 5 2 + A 5 3 1 A 5 4 ]圭

nlneCe15+n2neCe25+n3ncCe35+n4neCe45,  '

where dx〕subscnpts of l,2,3,4,and 5 stand for the levels of 2s2 1s。,2s2p3Pob 2s2p 3Pl,

2s2p3P,,and 2s2p lPl,resp∝tivett Other notations have the same meamgs asinthe ArX

casc.  The atoIInc data of ArXV used in this calculation are glven in Table 4.2.  The

contribution offast‐pЮton is also ignored here〔b=0)。

nrn"C"r+ + n2(n"C"zq* npCnz+ + n&Ctuz+) + ng(n"C'r+ * &Cpr+ * n&C&ra) + nt(n"C"s+ + As+)

(3c)
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Fig. 4.11 Line ratios of ArXV Ml/El as a firnction of line-averaged elecfion density (dotted circles:

experimental data, solid line: calculated result).

Dependence on the line-averaged electron density of the ArXV line intensity ratio can be

traced with the experimental data in Fig. 4.11. The calculation result shows a good

agreement with the experimental values though the atomic structure of ArXV is more

complicated than that of ArX. This means that the rate coefficients used in the calculation

are considerably accurate, especially for the electron impact excitation and transition

probability of the Ml line, although the proton impact has less contribution to the intensity

ratio. This result also indicates that a cascade effect in the population mechanisrn, which is

not included in the calculation, is not so important process and the simple model used in the

present work can well explain the experimental data. On the other hand, a clear

discrepancy appeared in the ArX and FeXVIII cases. The ATXIII 164.8ZA tine exists near

the ArX 165.534 hne which is used for the Afl ratio. Furthermore, several FeVII lines

exist in the same wavelength region as the ArX 165.53A fine, e.g.,164.955A, 1OS.O87L,

165.630A, 165.658 A,, tos.t24\, 165.764A, l65.grge, tos.q96A and 166.0104 in addition

‐
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to the presence of CrxⅨ 165.45Åline.These lines are possibly blended in the ArX

165.53A linc and could mke the ArX ratio smaller9 since the intensity ofthe ArX 165.53A

is relat市ely weako h the sanle sence for FeXVIⅡ,the FeX 94.012Åline is very strong for

iron pellet ittectiOn.The iron pellct starts ablating at plastt etttc and many loW ionized

stage oflron ion are produced.Therefore,the ArX line blended in the ArXVⅡ1 93.93Åand

the ratio of FeXV][I has bigger erTo■  As another candidate for the reason,the accwacy of

the cross section beconles generally worse when the nmber of electrons fo―g ani“

increases to 10%.  However9the Ml decay rates of argon have becn lncastred in the EBIr

and expenmental and calculation values are ln a good agreement within accuracy of 10%

[21].Then,ifthe cross section has a large erroちh will be the electЮn lmpact exCitation.

4.5. Summary

The line intensity ratios of the Ml transition to the allowed (E1) transition were measured

for F-like ArX (5533fu165A) and Be-like ArXV (5944 UZZTA) as a tunction of the

electron densrty and results were analyzedwith a simple population level calculation. As a

result, the electron density dependence of the ratio was experimentally confirmed and the

mechanism was well understood by the model calculation. The contribution of fast ions

due to l80keV neutral beam injectionto the excitation of the Ml transitionwas also studid

for FJike ions of ArX (5533fu165A), TiXIV (2llSj\/122L) and FeXVm (975 A, pqt)

using the calculation. The contribution of the fast proton impact could not be made clear in

this study.

‐112‐



Table 4.1 Atomic data of F I isoelectronic sequence ArX, TiXIV and FeXVIII

Ion stages ArX TiXIV FeXVItr

xrt (A)

Lz (A)

Irt (A)

Aot (s-t)

Ar, (s-t)

Aot (s-t)

T" (eV)

C " rr (-' .-t)

C" zt (# r-t)

C" n(* '  t - t )

Ti: Tp (eV)

C, n(-,  ,- t)

Te (keV)

C &,, (*' t-t)

S 2 (m3 s-r)

S, (*' t-t)

165.53

r70.63

s533

3.26xI0to

1.49x1010

1.06x102

376

l . l 0x l0 -15

1.09x10-r5

1.38x10-16

557

6.90xto-t6 1to1

100

4.66x10-16

1.70x10-16

l.92xl0-16

rzt.986

r29.440

2218.15

6.27xl}ro

2.59xl0to

1.89x103

650 u

2.27xl0-16

2.25x10-r6

1.45x 10-r7

1060 u

1.93x10- t7 [10]

r00

1.46x10-to

6.89x10-r7

7.47xl0-17

93.93

103.9s

974.85

7.88x10r0

2 .91x  l0 ro

1.93x 104

1000"

3.21x10-16

3.28x10-r6

3.13x10-r7

I 700"

g.2txto-t7 1t t1

100

2.92x10-r7

3.45x10-r7

3.67x|0-r7

" extrapolation usingAr ions data.
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Table 4.2 Atomic data of Be I isoelectronic sequence ArXV

鳩1(わ

れ3(わ

Ll(わ

A51(S・)

221.15

5944

424。01

9.32X109

A5'(S・)

A53(S・)

A54(S・)

A43(S・)

A31(S・)

A_32(S・)

T e ( e V )

C e15(m3s-1)

ceИ ぃ
3♂
)

C e13(m3s-1)

C e12(m3s-1)

Ce25(m3s-1)

C e24(m3s‐
1)

C e23(m3s‐
1)

Ce35 03s■ )

C e34(m3s-1)

C e45(m3s-1)

Ti=Tp(ev)

C p24(m3ご)

Cp23 03s■)

CP34(m3s‐
1)

T● (keV)

Cわ 24(m3s‐
1)

C・ 23(m3s…
1)

Cわ 34(m3s‐
1)

S2ぽS・)

S3ぽS・)

S4rS・)

S5(m3s■)

5.55×102

3.75×102

4。93×102

62

2.74×106[22]

7.34×102

646

5.15X10‐
15

4.07文10…
17

3.99×10~17

8。17×10…
18

2.15X10~17

8.92×10‐
17

9.48×10~17

2.18×10=17

1.06×10‐
16

2。20×10‐
17

1050

6。15X10~16[15]

1.51×10~16[15]

5.27X10‐
16[15]

100

2。03×10~16

3.11×10‐
17

1.69×10‐
16

2.40×10‐
17

2.39×10‐
17

2.42X10~17

2.69×10~17
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Chapter 5

Summary and conclusions

The magnetic forbidden dipole (Ml) transitions from N (Z:t3) to Xe (Z:54) have been

extensively studied in Large Helical Device (LlD) using visible, vacuum ultraviolet (VW)

and extreme ultraviolet (EUV) spectrometers. The wavelengths of the Ml transitions are

determined with high accuracy. The intensities of the Ml transitions are analyzed with

level population equation and the profiles are also examined with Doppler broadening. The

main results obtained in this thesis are sunnarizedinthe following.

1. A space-resolved 3m VUV spectrometer has been developed for the observation of the

Ml transitions. A space-resolved slit, an optics system with flat and cylindrical mirrors and

a toroidal slit are well optimized with careful adjustment of a grating position. As a result,

the space-resolved VW spectra from carbon, neon and argon have been successfully

observed.

2. In order to observe spectral emissions from heavy (hl$-Z) elements, which do not exist

in the LHD plasma, two double-structure impurity pellets are newly designed and developed

since the impurity pellet made of pure metallic heavy element terminates the discharge.

One is a carbon pellet coated with the heavy element and the other is a coaxial plastic pellet

inserted a heavy element fine wire into the center. These pellets, which much reduce the
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amount of the heavy elements, ffe injectd in the LIID plasma without collapse and the

spectra are successfully observed from such heavy elements.

3. The Ml transitions of highly charged Al, Ar, Ti and Fe ions in visible and VUV regions

have been observed. Ml lines of Al and Ar ions have been measured for the first time in

magnetically confined fusion plasmas. The Ml transitions are identified with the

wavelengths by measuring the Doppler broadening and the radial profile in addition to the

temporal behavior. The highest resolution (*0.02A; is achieved by optimizng the focal

image of the 3m VUV spectrometer after removing the mirror optics. Therefore, most of

the obseryed line profiles are arnlyzed with the Doppler broadening. The emission lines of

C, Ne and Ar observed in wavelength ftmge of 250 to 2300A are carefully analyzed and the

results are summari ze'd rnthe table.

4. In order to measure the impurity behavior and ion temperature in the next generation

fusion device with D-T burning, the Ml transitions of krypton, molybdenum and xenon are

surveyed with impurity pellet injection in LHD. As a result, visible Ml transitions of

KrXXm (3841.07+0.054) and MoXXD( (2842.1W0.054) in silicon-like ionization stage

(ls22s22pu3s'3p'; and XoXXXII (4139.01*0.054) in titanium-like ionization stage

1t*Zs2Zpu3s'3pu3d') are successfully observed with high accurate wavelength. The

theoretically calculated wavelengths are at present only in the accuracy of about lo/o. The

accuracy of these wavelengths is improved by one order magnitude as compared with the

other experiments such as the electron beam ion trap (EBIT).'

5. In order to study the physical process emitting Ml transition, the emission line ratio of

Ml transition to El (allowed) transition is analyzed. It is theoretically predictd that the

ratio has unique electron density dependence. However, any experimental proof has not

been obtained on the ratio until now. The emission line ratio of ArX (5533^4/1654), TiXIV

Q2l8iJl22L) and FeXVm (97 SAtg+A) in fluorineJike ionization stage (ls22s22pt) *d

ArXV (5944A/221L) in the beryllium-like ionization stage 1ls22s2; are adopted to examine
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the densrty dependence of the ratio. The data are then obtained as a firnction of the

line-averaged electron density using absolutely calibrated visible, VW and EUV

spectrometers. As a result, the Ml/El line ratios have experimentally proved the density

dependence for the first time. In order to clariff why the Ml transitions have the density

dependence, the physical mechanism is at:rrlyze'd using the level population equation in

which three states for the fluorine-like ions and five states for the beryllium-like ions are

taken into account. Excitation and de-excitation by electron impact and proton collision

among fine-structure states in the ground state are included in the calculation model in

addition to radiative decay. The upper level population of the Ml transition is saturated at

densities above some critical density because of small transition probability of the Ml

transition and the emission rate of the Ml transition becomes constant. The density

dependence of the Ml/El line ratio can be thus explained by the collisional de-excitation by

the electron and the proton among the fine-structure levels of the Ml transitions. A small

difference (10-50%) appears between the experiment and calculation. It possively

originates in uncertainties of the sensitivity calibration of the spectrometers and the atomic

data used in the calculation.

The study of spectroscopy has developed with the progress of fusion research. According

to the growth of plasma parameters in fusion plasmas the materials for plasma spectroscopy

have moved to higher Z elemerfis, especially in the plasma core. The ITER project has

now started towards the D-T burning operation, where the use of htSt-Z elements like

molybdenum or tungsten as plasma facing component and argoR or krypton as diagnostic

purpose is planned. The usefulness of the Ml transition will increase in such next

generation fusion research, because the transition probability of the Ml transition drastically

increases with increase in the nuclear number and the visible intensity becomes much bright

n ltrgh-Z elements. This possibly leads to other new diagnostics in a combination of

polarization spectroscopy, i.e., energetic ion measurement like a particles. On the other

hand, the study of atomic physics on the Ml transition is now delayed, especially the

theoretical work is very few, because of the difficulty related to the interaction among spin,
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orbit and nuclear charge intngh-Zelements. The development of this field is really desired

synchronizing with the fusion research progress.
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