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Divertor actions of contrdlling the impurities and the tramsport of
impurity ions in the plasma have been investigated in the DIVA device.
Following are the results:

(1) The ;adial transport of impurity lons is not described only by
neoclassical theory, but it is strongly influenced by anomaloés
process. Radial diffusion of impurity ions across the whole minor
radius is well described by a neoclassical diffusion superposed by the
anomalous diffusion for protons. Due to this anomalous process, which
spreads the radial density profile of impurity ions, 80 to 90 X% of the
impurity flux in the plasma outer edge is shielded even in a non-
diverted discharge.

(2) The divértor reduces the impurity flux entering the main plasma
by a factor of 2 to 4. The impurity ions shielded by the scrape-off
plasma are fapidly guided into the burial chamber with a poloidal’
excursion time roughly equal tc that ef the scrape—off plasma.

(3 The divertor reduces the impurity ion flux onto the main vacuum
chamber by gulding the impurity ions diffusing from the main plasma
into the burial chamber, thereby reducing the plasma-wall interaction
caused by diffusing impurity ioms at the main vacuum chamber. The
impurity ions produced in the burial chamber may flow back to the
main plasma through the scrape-off layer. However, roughly only
0.3 % of the impurity flux into the scrape-off plasma in the burial
chamber penetrates into the main plasma due to the impurity backflow.

(4) A slight cooling of the scrape-off plasma with light-impurity
injection effectively reduces the metal impurity productionm at the
first wall by reducing the potential difference between the plasma
and the wall, fhereby reducing the accumulation of the metal impurity
in the discharge. Radiation cooling by low-Z impurities in the plasma
outer edge, which may become an important feature in future large
tokamaks both with and without divertor, is numerically evaluated for

carbon, oxygen and neon.

Xey Words: DIVA Tokamak, Divertor, Impurity Transport, Impurity Shielding,
Impurity Sweeping-Out, Impurity Back Flow, Edge Cooling
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1. INTRODUCTION

1,1 Need for Impurity Control in Tokamak Fusion Development

Impurity has a significant effect on the operation of present
generation tokamaks, and will be a key factor in determining the feasi-
bility of tokamak reactors. Especially the impurity radiation losses
affect the energy balance of the reacting plasma. The maximum tolerable

concentrations in order to attain given Q-values in the range Q = 1 to

. @ gre calculated in Ref.[1l] for six impurity species, where

Q = Fusion Power/Auxiliary Heating Power

Figure 1 shows the maximum allowed impurity concentration for
ignition (Q = «) as a function of plasma temperature, assuming zero
nonradiative losses. To obtain an ignition below 10 keV of the plasma
temperature, for example, the concentrations of low-Z and high-Z
impurities must be suppressed below 3-5 % and 0.1-0.01 % of the fuel
ions respectively. For low-Z impurities, this seems attainable in
future tokamaks, because low-Z impurity can be relatively easily con-
trolled in recent experiments by employing gettered wall surface with
titanium [2], low power discharge cleaning [3], or inert wall surface
[4]. On the other hand since even in the present tokamaks, 0.1 % con-
tamination by high-Z impurity is prevailed, and the plasma-wall interac—-
tion becomes much more serious in future large tokamaks, finding the
methods controlling the high-Z impurity (first wall or limiter material)
is one of the most important problems in developing a tokamak reactor.

In order to control the accumulation of impurity ions in the
tokamak discharge, at least one of the following three processes must be
controlled; 1) impurity production at the limiter and the first wall,

2) penetration of impurity influx in the plasma outer édge, and

3) transport of impurity ions across the plasma minor radius. Therefore
the following three problems must be investigated; 1) origin of impurity
production at material surfaces, 2) transport properties of impurity
ions in the plasma, and 3) methods to control the above two processes.
The first problem is recently investigated in DIVA device [5]. This

work concerns the rest two problems, i.e, the transport properties of
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Fig 1 Maximum allowed impurity concentration for ignition as a
function of plasma temperature, assuming zero nonradiative
losses. { by Jensen, Post and Jassby, ref.[1] )

impurity ions in the plasma, and the methods to control the impurity

production and the penetration of impurity ions towards the plasma

center,

1.2 Impurities in Tokamak Discharges

In regard to the penetration of impurity ions into the plasma
center, considerable efforts have been made to measure the radial trans-
port of impurity ions for intrinsic content [6] or injected impurity
ions [7]. Imn thesé experiments, the inward flux measured at the peak
position of the radial profile of respective ionization states are
consistent with the prediction from the neoclassical theory: In TFR, OV

ions present in a peripheral plasma shell, have inward diffusion velocity
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of 2 x 10% ecm/sec, and in ATC, injected aluminum ions show inward dif-
fusion with a transport coefficient close to neoclassical theory. 1In
these experiments, however, understanding about the global behaviour of
impurity ions across the plasma whole cross section is beyond the scope
of these experiments. In this work, the transport of impurity ions
across the whole plasma minor radius is investigated, and the confinement
property of impurity ions in the tokamak discharge is clarified.

In regard to the accumulation level of metal impurity in discharges,
the relation between the content of high-Z impurity and that of low-Z
impurity in discharge was first found in ST tokamak [8], i.e. presence
of low-Z impurity in the discharge reduces the contamination level of
the high-Z impurity. Similar phenomenon was found in PULSATOR [9] with
strong additional fuelling during the discharge. In TFR, these phenomena
were investigated with oxygen gas injection during the current plateau
of the discharge [10]. Hdwever, the mechanisms reducing the high-Z
impurity level in the discharge with the additional low-Z impurity

injection or cold gas fueling are not clearly known: whether due to a

" change in radial transport of impurity ions or in the impurity influx

(production) in the plasma outer edge. Recently it is shown that ion-
sputtering at the limiter or the wall is the dominant process of
reieasing metal impurity in DIVA device [5]. Therefore the above noted
phenomenon may be explained as follows: The additional low-Z impurity
and cold gas cool the edge plasma, thereby reduce the energy of ions
hitting material surfaces and the amount of the release of metal
impurity {11]. This work experimentally demonstrates the effectiveness
of plasma edge coolingby light-impurity injection, and numerically
evaluates the radiative cooling capabilities of three ligh—impurities

(carbon, oxygen and neon).

1.3 Divertor Actions on Impurity

Divertor is onhe of the most promising methods controlling impurities.

The important divertor actions on impurities are as follows:

(1) Impurity shieiding; Impurity atoms that originate from the vacuum
chamber wall are ionized in the divertor scrape-off, and the resultant

impurity ions are swept into the burial chamber by the escaping plasma.
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With this action, divertor reduces the impurity flux penetrating into

the main plasma.

(2) Plasma sweeping~-out; Divertor guides the charged particles dif-
fusing from the main plasma into the remote burial chamber. By this
action, plasma-wall Interactions and impurity preduction caused by dif-

fusing ions are removed from the main chamber te the burial chamber,

In DIVA and DITE, both the low and high-Z impurity radiation in the
plasma can be successfuly reduced by employing an axisymmetric divertor
{12, 13] and the bundle divertor [14] respectively. As another type of
divertor, a built-in divertor in Heliotron is presented in Ref.[15],
and its fundamental properties are experimentally studied in Heliotron-D
device [16].

As for the above noted divertor actions, the shielding action
against injected impurity was studied in DITE {17] with the bundle
divertor. They find an increment of plasma resistance by a factor of
4.5 with a non-diverted discharge, although the resistance is not changed
in a diverted discharge for puffing the same amount of oxygen. Impurity
flow into the remote burial chamber and the comparison of the accumula-
tion of injected impurity in the main plasma with the spectroscopic
measurements are, however, beyond the scope of this experiment.

In the situation where the plasma sweéping-out is attained by
employing the divertor, the material surface which contacts a high tem-
perature scrape-off plasma is replaced by a neutralizer plate in the
burial chamber. In this case the impurity efflux from the neutralizer
plate becomes the problem. Therefore it is important to investigate the
effect of the Impurity backflow from the neutralizer plate into the main
plasma.

In this work above noted fundamental divertor actions are investi-
gated in detail. Accumulations of impurity ions in the plasma center
are compared in discharges with and without divertor for a same amount
of impurity influx in the plasma outer edge. The flow of shielded
impurity ions along the scrape-off field lines towards the burial
chamber, the guidance of impurity ions diffusing from the main plasma
into the remote burilal chamber, and the impurity backflow are observed

in the diverted discharge.
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The following chapters are structured as follows.
Chapter 2 presents the experimental arrangements and the outline of
divertor effects on impurities. Chapter 3 presents the radial penetra-
tion of pulsively injected light-impurity ions., Time development of the
radial penetration of pulsively injected carbon ions is investigated
using an impurity transport cede. Chapter 4 presents the divertor
actions which shield the iImpurity influx, sweep out the impurity ions
diffusing from the main plasma column into the remote burial chamber.
Chapter 5 presents the divertor actions reducing the plasma-wall inter-
action caused by diffusing impurity ions, impurity backflow frdm the
burial chamber into the main plasma, suppression of metal impurity
production by cooling the scrape—off plasma with light-impurity injection,
and the confinement property of metal impurity ions in the plasma.
Summary is presented in Chapter 6. In Appendix, radiative cocling

capabilities of three gaseous impurities in a tokamak outer edge are

presented.
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2. EXPERIMENTAL ARRANGEMENTS

2.1 Description of the Device

DIVA is a tokamak with an axisymmetric divertor. Basic machine
parameters are: the toroidal magnetic field 20 kG, plasma major radius
60 cm and plasma minor radius 10 cm. Figure 1 is a photograph of the
DIVA. The cross sectional view and the'ﬁlan view showing the arrange-
ment of the diagnostic system are shown in Fig.2 and Fig.3 respectively.
Since most of the components shown are gelf-evident, a brief description
is given in the following only for those un-common in standard tokamaks.
More detailed description of the device is presented in Ref.[1]

(1) Shell; The plasma is enclosed in a copper shell devided into
four sector pieces. Its surface is ion-plated with gold in 20 um in
thickness to reduce adsorption of gases.

(2) Divertor hoop; A four-turn coil enclosed in a vacuum-tight
stainless steel tube. A pair of divertor plates made of titanium
intersect the separatrix magnetic surface. |

(3) Protection plates; Three gold pieces shown in Fig.2 are manually
movable as the protection for the damage of the shell surface.

(4) Gas feeders; The gas can be introduced into the device through
four fast acting gas valves at a same time, and additional gas injec-
tion can be made with another gas valve in either fast or slow opera-
tion mode. :

(5) Vacuum system; The vessel is made gf stainless steel with an
insulating break, pumped by a turbo;molecular pump with an effective

speed of 400 1/sec to a base pressure of 1.5-0.5 X 1077 Torr.

2.2 Diagnostics

2.2.1 Spectroscopies

The spectroscopies used for studying the behavior of impurities
are the feollowing:
(1) A 3 m grazing-incidence monochromator (10—130073) equipped with
a 600 grooves/mm and 1200 grooves/mm gratings, which are exchangable
each other and coated with platinum, The monochromator is calibrated

absolutely by means of the atomic branching-ratio method using
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suitable line-pairs [2].

(2) 25 cm and 1 m visible and uv monochromators calibrated by means
of a standard tungsten ribbon lamp and a NBS-uv hydrogen discharge

standard lamp.

(3) A1l m Czerny-Terner type vacuum monochromator [3].

The arrangements of these monochromators in respective impurity

experiments will be presented in the following respective chapters.

2.2.2 Other diagnostics

In addition to conventional measurements of a main plasma such as
Thomson scattering, charge exchange neutral-particle energy analysis,
soft x-ray enérgy analysis, and microwave interferometry, the following
measurements are employed:

(1) Spacial distribution of radiation loss including charge-exchange
loss is measured by a colimated pyroelectric detector. The detector
is calibrated by using the radiation from highly resistive discharge
[4].

(2) Each particle loss flux onto four sectors of the shell, three
protection plates and vacuum chamber are measured as ion saturation
current onto each surface,

(3) Langmuir probes, one-directional Langmuir probes, and Faraday cup
are used for measurements of electron temperature, ion temperature,
and particle flow in a scrape-off layer [5]. Ion temperature of a
scrape-off layer plasma is also investigated by measuring Doppler

broadenning of impurity lines in the burial chamber.

2.3 Outline of Divertor Effects on Impurities

In this section we briéfly describe the effectiveness of the divertor
which has been found in DIVA [6,7].

Figure 4 shows oscillograms of typical discharges with and without
the divertor in which toroidal magnetic field BT = 2 T, and plasma
current Ip = 40 kA. The plasma density n, is controlled at the appre-
ciably same value with five fast acting gas valves. In diverted

discharge, where the ratio of divertor hoop current ID to the plasma
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175 & and Pgy: intensity of OV-line (629.73 A). Toroidal magnetic
field is 2T.
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Fig.5 Radial profiles of electron temperature ( —— ) and density
( === ) with and without the divertor at 9 ms. The discharge

conditions are the same as shown in Fig. 4.

current Ip, ID/Ip = 1,2, the separatrix magnetic surface is located at
about 1.5 cm from the shell surface, and 33 % of the particle flux and
75 % of the heat flux diffusing from the main plasma are guided into
the burial chamber. In non-diverted discharge, where ID/IP = 0.46, no
particle and heat fluxes into the burial chamber is observed. The
profiles of electron temperature and density are shown in Fig.5.

In these discharges, the radiation loss measured by the pyro-electric
detector Ppy’ intensity of OV-iine (§29.7 ;) and intensity of crowded
many lines emitted from gold at 175 A are reduced by a factor of 2-3 by
the divertor as are shown in the figure.

Avel- inverted radial profiles of the intensitles of pseudo~continuum
emission at 100 A OVII 21.6 A oV 629.7 A and Ppy are shown in Fig.6.
It shows that divertor reduces the radiation emitted from metal impurity
and oxygen impurity present in the central region of the plasma, and
also reduces the oxygen influx in the peripheral region of the plasma.

The radiation'loss power investigated over a range of IP = 8-53 kA,
and BT = 0.8-2.0 T is summarized in Fig.7. In conventional tokamak
discharges, the radiation loss power is proportional to the plasma
current as are shown by closed circles. By operating the divertor, the

radiation lbss power 1s reduced by a factor of 2-4 and is a slowly
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Fig.6 Radial profiles of intemsities of OVII {21.6 3), oV (829.7 R)
and pseudo~-continuum at 100 A and power loss P due to
charge-exchange and radiation with the divertor { — ) and
without the diverter { -—— ) at 9 ms., The discharge conditions

are the same as shown in Fig, 4.

increasing function of the plasma current as are shown by open circles,
In regard to the energy coafinement property, divertor increases
it by a factor of 2.5. The energy confinement appears to have the
functional dependence of the ALCATOR scaling low (8], and is expressed
as TE = 1.5 JE;.E14 ms without the divertor, and TE = 4.0 /E; Ny, ms
with the divertor, where a, is the safety factor at the plasma surface
and niy = 10~ " Ee' This improvement can be considered as a result of
lowering the radiation loss with the divertor. Because, although the
radiation loss power is not a large portion of the total energy loss
(30-40 % of trhe ohmic power without the divertor, and 15-30 % with the
divertor), electron temperature proflles, however, are strongly affected
by the ;adiation power, s is shown in the Fig.5. Therefeore it can be
said that divertor increases the radius of the hot column by reducing

the radiation loss, thereby increases the energy confinement time.
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Radiation loss power vs. plasma current I_. In conventional
tokamak discharges, the radiation loss power is proportional
to the plasma current. By operating the divertor, it 1s
reduced by a factor of 2 to 4, and is a slowly increasing
function of the plasma current.
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3. LIGHT-IMPURITY TRANSPORT

3.1 Introduction

The transport of light-impurity ions, present in a peripheral region
of ‘the tokamak plasma, is of especial importance, because 1) light-
impurities may protect the materials nearest to the plasma from danger-
ous plasma-wall interactions by the intensive radiative cooling in the
outer edge region, and 2) from that we can easily obtain the penetration
process of impurity ions from the outer edge region to the plasma
center, although for the metallic impurities it is difficult to obtain
that due to the poor spectroscopic data,

DIVA plaéma is dominated by collisional effect and is possible to
simulate the important transport conditions for impurity ions that will
be found at the outer edge of the thermonuclear plasmas. In tﬁis chapter
we have Investigated the process by which impurity ions are transported
into the central region of the plasma across the whole minor radius.

By employing pulsed gas impurity injection, and in conjunction with
vigible and vacuum ultraviolet spectroscopiles, we have been able to
measure the radial tramsport of carbon ions in DIVA plasma. The experi-
mental results are compared with results of a transport code which
includes Pfirsh-Schliiter diffusion with a superimposed anomalous
diffusion, as well as ionization, recombination and recycling processes,

In Section 3.2 the experimental arrangement and results are
presented, In Section 3.3 and 3.4, the computer model is presented, and
comparison between experimental results and computational results are

discussed, The conclusion is presented in Section 3.5.

3.2 Experimental Results

3.2.1 Experimental Arrangements

In the presenﬁ experiment, the experimental conditions of the base
plasma into which methane gas is injected are as follows: toroidal field
1s 10 kG, peak plasma current is 14 kA and the ratio of the divertor

hoop current Ip to the plasma current Ip is 1.2.

~ 16 —
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— without injection
- -~ with injection

Ip+1p (KA)

t (msec)

Fig.l Time behaviour of plasma current Ip plus divertor hoop
current Ip and of loop voltage.

Figure 1 shows the time dependence of plasma and divertor hoop
currents and of the loop wvoltage. A five-channel 4-mm microwave inter-
ferometer is used to measure the line-integrated electron density profile.
In the stationary state (7-12 ms) with which we are concerned in the
present experiment, the averaged electron density is 0.9 x 10%3 cm” 3,
and its radial profile is approximately parabolic. A Thomson-scattering
measurement of the electron temperature shows that the electron tem-
perature at the centre is about 200 eV and the profile is approximately
the square of a parabola.

Electron temperature and density 1.5 em from the shell surface were
measured, by Langmuir probes, to be 30 eV and 1 X 102 cm_a, respectively.
The ion temperatufe in the central region of the plasma measured by a
neutral particle analyser is 70 eV. The global confinement time of the
protons estimated from H, measurement [1l] is 1.4 ms, which also coin-
cides within a factor of two with the value estimated from the total ion

saturation current to the shell surface.
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In the present discharge of Ip/Ip = 1.2, the separatrix magnetic
surface is located at about 1 cm from the shell surface, and the particle
flux guided to the burial chamber is about 10 % of the total particle
flux which diffuses from the main plasma., A large portion of the total
proten loss flux consists in direct recyecling at the gold-plated shell
surface [2]. With these facts, in the present paper, we assume that the
presence of the scrape-off layer which guides charged particles to the
burial chamber can be neglected. Using the electron temperature profile
and the loop voltage and assuming a constant value of Zgfr in space, we
calculate Zoff to be 2-3, where Z.ff is the effective ion charge in the
Spitzer conductivity. In standard discharge conditions in DIVA, the
oxygen and carbon content is 1 % or less of the electron density as
ascertained by spectroscopic measurements. This is due to the fact that
the inert gold surface eliminates the light-impurity contamination of
the plasma. Although, in the methane injection experiment, the intrinsic
carbon contamination grows to 3 % of the electron density in the central
region, a sizeable fraction of Z,gsf is accounted for by metallic impuri-
ties since resistivity and radiation losses, which are measured by a
pyro-electric detector, are not changed when the amount of light impurity
is reduced to half of its value by flashing titanium on about half of
the divertor chamber [2].

The mefhane injection experiment is performed in the following
manner. Through the gas inlet which is located at the outer position in
the major radius of the copper shell, pulsed methane gas {(pulse duration
1.5 ms) is injected at 7 ms, just at the beginning of the plateau in the
loop voltage. Discharges with and without injection are made alternately
and in about 60 shots, the reproducibility of the emissivity of each
spectral line is fairly good.

The injected methane gas penetrates into the plasma before it is
ionized. The ionization process continues as the ions rapidly circulate
along the field lines and, less rapidly, move across them. At a position
45° apart in toroidal direction from the gas inlet, the time evolutions
of the line integfals of the emissivity for different carbon ionization
states are measured along the chords of the minor cross-section by using
an absolutely calibrated visible monochromator. Observations are made

of the CV 2271 &, CIII 2297 A and H, lines with a spatial resolution of
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1 cm.

Assuming that the non-circular effect is negligible, these signals

are Abel-inverted, and the impurity ion density and proton particle

birth strength are unfolded from the photon signals.

3.2,2 Discharge without Methane Injection

The time evolution of the line integral across the minor diameter

of photon signals of the CV 2271 A and CITI 2297 A lines, and of the

average electron density is shown in Fig. 2 in solid lines.

Fig.2 Time behaviour of average

electron density i and line-

integrated photon emissions of CIII

2997 A and CV 2271 A with and

without methane injection (M.I.).
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Figure 3 shows Abel-inverted plasma volume emissions of CIII 2297 A
and CV 2271 % lines at 8 ms. Radial profiles of these photon emissions
and the electron density are almost stationary within 10 % from 7 ms to
12 ms in the course of the discharge.

In this stationary state, the peak densities of CV and CIII are
deduced from the photon emissivities with the additional knowledge of
the radial profiles of electron temperature and density. By using
modified coronal models for beryllium—like.and helium-like ions given
in Ref. [3], the peak densities of CIII and CV are calculated to be
3 x 10'% em™? (including °P metastable state) and 4 X 101t em?,
respectively, with an uncertainty, we estimate, of a factor of 2.

Using a grazing-incidence VUV monochromator, we observe the line integral
of photon signals in the midplace across the minor creoss-section. With
this measurement, the CVI 34 R line emissivity is too weak to detect so
that the CVI population is estimated to be lower by, at least, a factor
of 2 than the CV population. Thus, in the present discharge, a major
part of the carbon ions are in the CV state in the central region of

:he plasma, and the total number of carbon ions in the plasma is almost
constant during thé period concerned.

Calculation of the ionization times for the j-th state of carbon

atoms, T, = 1/(nelj), where n, is the electron density and Ij is the

bl
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electron impact ionization rate coefficient for carbon atoms of the j-th
state [4], shows that it takes much less than 0.1 ms to ionize CIV, and
above 1 ms to ionize CV in.the central.region of the plasma. Using
radiative recombination rate coefficients [5), in the coronal equilib~-
rium for the electron temperature of 200 eV, the ratio of the CVI
population to the CV population is calculated to be 120. From the
aforementioned facts, we see that experimental observations in the
steady state yield results very different from those of the coronal
equilibrium state. This indicates that CV ions are confined within a

few milliseconds.

From the photon emissivity of CIII, we estimate the neutral carbon
flux into the plasma. The same relation as was discussed by Gervids
and Krupin and in Ref. [6] is applied here, For an ion of the j-th
state, if confinement and recombination times are long enough compared
with the ionization time, the neutral-carbon-atom influx I' is related
to the ionization strength of the j-th-state carbon ions of density nj
by

[

['ds = n.n I.dv
) el

where the integrations are carried out over the plasma surface on the
left-hand side and over the volume on the right-hand side of the
equation. When we apply this relation to CIII and use the modified
coronal model mentioned previously, the neutral-carbon-atom source in
the discharge is directly related to the photon emissivity of the CIII
2297 A line and is calculated to be 2 x 10*? s~!. When we take 3 %
contamination of the electroms of total number of 1 x 10'® in the dis-
charge, the steady state of the total number of carbon atoms accounts
for the fact that the effective confinement time of carbon ions is

1.5 ms., This coincides with the proton confinement time and suggests

perfect re-cycling of the carbon atoms at the plasma edge.

3.2.5 Discharge with Methane Injection

A total of 1.5 x 10!7 molecules of methane gas are injected at
7 ms into the discharge with a pulse duration of 1.5 ms, which is
measured in front of the gas outlet without discharge.

In Fig. 2, the time evolutions of the line integral across the
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minor diameter of the photon signals of the CV 2271 ; and CIII 2297 1
lines and the electron density are shown by the dotted lines. These
can be compared to discharges without injection as is alsc shown in
Fig. 2. The changes in plasma resistivity, electron temperature, pyro-
electric detector signal and thermocouple probe signal which measure
the heat flow in the outer edge region are small,

As noted previously, in DIVA plasma, the dominant radiative cooling

and Z value are caused by metallic impurities of supposedly 1 %

conta;iiation (maximum) so that an increase in photon emission from
carbon atoms by a factor of two with the injection does not appreciably
affect the global thermal balance.

Using the ionization cross-section by electron impact given in
Ref, [7], the penetration length of methane molecules of room tempera-
ture into the outer edge region of the plasma with n, = 1% 10'? em™?
and an electron temperature of 30 eV is estimated to be less than 1 cm.
Thus, the injected methane molecules are suddenly iomized after the
injection and then the ions move along the field lines.
En Figs. 4 gnd 5 the time evolutions of the radial profiles in the

2297 A and 2271 A photon emission densities are shown. The photon emis-
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Fig.5 Time behaviour of Abel-
%nverted volume emission of 2271
A in the discharge with methane
injection.

sion density of 2297 R rises rapidly just after the beginning of the
injection, and then, within 1 ms, the intensity is doubled and stays
in a steady state.

The emissivity of 2271 ; rises rathér gradually. The penetration
of the injected carbon ions into the central region is accomplished at

10 ms. By t = 10 ms, the CV line emission has doubled and is then in

a steady state.
-]

In the course of the penetration of the carbon ions, the 2271 A
line emission in the peripheral region is very weak. We expect, however,
that there is an abundant amount of CV ions also in this region, but it
does not radiate since the excitation energy for the 2271 Z line (304 eV)
is much higher thaﬁ the electron temperature in this region,.

The increase of the CV line emission with the injection shows that
additional 3 % (3 x 10!®) carbon are introduced into the discharge,
which is only 20 % of the injected carbon atoms, i.e. 80 % of the injected

carbon are shielded by the outer—edge plasma,.
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With the injection, the line-integrated electron density increased
about 15 # above the non-injection discharge. Also the ion saturation
current to a Langmuire prcbe in the outer-edge region increased about
10 %Z with the injection. Although there is nc exact way from the n,
data to determine what, carbon or hydrogen, causes the density rise,
the increase in electron demsity (1.5 x 10!'7) roughly corresponds to the
amount of stripped electrons from successfully introduced molecules
(2 x 4 x3x 10'® = 2.4 x 1017, 4 for hydrogen and 4 for carbon in
helium-like state). A possible interpretation for this is that a large
fraction of the injécted particles is trapped on the surface of the gas
cutlet, which is made of stainless steel, while they strongly interact
with the surface during the injection phase. As a fact which may
support this interpretation, after the termination of the discharge, we
observe the increase in pressure in the vacuum chamber by re-emission
which is much larger than that in the non-~injected discharge.

In the following section, we shall study these experimental results

by comparing them with calculations obtained from a computer code.

3.3 Computer Calculation

3.3.1 Computer Model

Seeing that the impurity ions are in the Pfirsch-Schliter regime,
and neglecting terms assoclated with temperature gradients, we can give
the cross-field ion flux Ta of species o (averaged over a magnetic

surface) due to the friction with ions of species B by the following

[8]:

maBna (l+2q2)T ‘ 1 Bna 1 BnB )
Zana ar Z‘BnB or

A Fa = - 7 T
o B aB ezBo2

where the collision time has the form

3vm T‘:’/2
of

B 4/27Z 2Z.%n,e"2nA
o BB

T
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m m

o R

m. = —2FB_
+
o m mB

n, m, Z are the density, mass and charge number of each species, and

T, q, By are the temperature of protons, safety factor and toroidal
magnetic field. The different ion species are assumed to have tempera-
tures equal to the proton temperatﬁre.

Besides the classical diffusion flux described above we also take
account of some anomalous transport processes, which may affect the
impurity transport in DIVA, i.e. we try to simulate the impurity trans-
port by introducing, in addition to the classical flux, an anomalous
diffusion flux, which may phenomenologically describe possible anoma-
lous processes, i.e. turbulent diffusion due to micro-instabilities or
MHD fluctuation, convection along broken field lines, etc.

As a clue for the magnitude of the anomalous diffusion to be
employed in the calculation, we note the proton confinement property.
Since, for protons, the diffusion caused by collisions with light
impurity ions of a few percent contamination is quite insignificant
compared with that due to anomalous processes, it seems to be quite
plausible to assume an anomalous diffusion coefficient of impurity ions
of the order of the diffusion coefficient inferred from proton confine-
ment in the experiment.

Thus, in the present calculation, we assume that the anomalous
diffusion coefficient of the impurity ions is the same as that of the

protons.

Thus the continuity equations for ions can be written as
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where the summation is taken over all ionized states of carbon impuri-

ties, and, for impurity ions, we obtain:

z ? 3n

_ fai k 'k .

j _[Da + Dc (L+ 2m 2 n )] or

P P
Z.n m 3 on

jd i M Py

*Deh ( Zmp >:zk 3t | ot )

n - (I. +R, Dn. + R.n.
- ¢ 3 J'l) h| 3 J+1]

—
|

For charge-limit ions, we have, in particular, {(CV in the present cal-

culation):

S, =n I. .n, - R, ,n,
h| e ( j-173-1 j-1 J)
Here
ne = np + Z ank
D =0.5 (1L + 2q)vp 2
o ( q°) pop
4Y21 e'*n nA 2m T
vy = p , 02 =P .
P 3/ 13/2 P 2,2
P

Here, Ip, Ij are the electron impact ionization rate coefficients of the
hydrogen and carbeon atoms [4], respectively. Rj is the radiative re-
combination rate coefficient [5].

The hydrogen density n. in the plasma is calculated by Dnestrovskii's
formula [9], but with a correction for geometric effects (cylindrical
plasma).

The influx of hydrogen atoms is usually determined by the re-cycling
condition at the wall. We include an additional hydrogen flux during
the period of methane gas injection. In the calculation, fast neutrals
up to the second generation are considered. The density distribution

and the influx of impurity atoms are also calculated in a similar way.
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The boundary conditions for the diffusion equations are given in

the following way:

an on,
—L2=_—1=0 atr=0
or or

n =2x10Y em?® n,=0 atr=r1
P J w

where T, is the wall radius.

As the initiél condition for the impurity iomns, we take the coronal
equilibrium state for the electron temperature of 2 eV. '

The coupled conservation equations are integrated by the fully

implicit Crank-Nicheolson method [10].

3.3.2 Computational Results

In the present calculation, the electron and ion temperatures are
given and stationary. The electron temperature is taken as the experi-
mental result. The ion temperature is taken to be parabolic with a
maximum temperature of 70 eV. The plasma current distribution is
determined by the Spitzer conductivity, on the assumption of a constant
Zeff value. The total plasma current is 14 kA, and in this case the
gq-value is 1.3 on the axis.

As noted previously, in the present experiment, the separatrix
magnetic surface is located at a distance of about 1.5 cm from the shell
surface. The applicability of Pfirsch-Schluter theory in this scrape-
off layer, where the magnetic field is diverted to the burial chamber,
is questionable. Nevertheless, in the present calculation, we simply
apply the theory in the whole region of minor radius.

As we have mentioned before, we use the anomalous diffusion coef-
ficient from the experimental observation of proton confinement. From
the intensity profile of the Hu line emission and the proton density
profile, we can locally estimate the anomalous diffusion coefficient by
using the ratio of ionization rate to Ha emission. Taking into account
the contamination’by 1 % of oxygen up to helium-like state, 3 % of
carbon up to helium-like state and at maximum 1 % of gold assuming
Z ~ 10, we estimate that np/ne is 0.7 ~ 0.8. Since the proton density
profile (assuming 0.7 ~ 0.8 of the electron density) is approximately

parabolic near the axis, and with the absclute Ha line emission, we
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! with an uncertainty

find an anomalous diffusion coefficient of 0.4 m®*s
of a factor of 2 in the central region of the plasma. On the other
hand, measurement shows that the diffusion process in the outer-—edge
region within 2 em from the shell surface approximately corresponds to
the Bohm value. These values of the diffusion coefficient roughly fit

Mercier's semi-empirical expression [11]:

- 2 2
D, = C (1 + 1.6a*)v_p,

if ¢ ~ 300, Voi? P are the electron-ion collision frequency and the
electron gyro-radius in the toroidal magnetic field. 1In the calculation,

we use this expression as the anomalous diffusion coefficient.

3.3.2.1 The Case of No Injection

To study the dominant transport mechanisms for the impurity ions,
we make computations for the fecllowing three different cases:
(a) neoclassical transport, {(b) neoclassical + anomalous transport,
and (c) anomalous transport.

Assuming 3 % contamination in total number of particles with carbon
impurity, we calculate the steady state of the CV density profile and
of the CIII 2271 R and CV 2271 R photon emission profiles, which are
shown in Fig. 6 with proton density profile (case (b)) and in Fig. 7,

regpectively.

T 2
6k {a) neockssical
(b) neoclassical+anomalous

- (¢) anomaious

CV (x10" cni®)
np (x 107 em3)

Fig.6 Radial profiles of calcu-
lated density of CV and protons
in steady state: (a) neoclassical,
{b) neoclassical+anomalous, (c)
anomalous.
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As noted previously, since the radial diffusion of protons is
dominantly governed by anomalous diffusion, the computational results
in the three cases yield almost the same proton density profile, and the
proton confinement times are almost the same, i.e. between 1.4-1.6 ms.
In these calculations, we took the incoming energy of hydrogen particles
as 5 eV and that of the carbon particles as 2 eV, and perfect re-cycling

conditions were assumed,

(a) Neoclassical diffusion: When we assume that only the neoclassical

theory of impurity diffusion is valid along the whole minor radius, the
strong inward force due to friction with protons will scometimes cause
imward impurity ion flux from the wall. This physical difficulty can
be removed by introducing anomalous diffusion only in the ocuter-edge
region between about 1 cm from the wall, With this assumption, we can
study the behaviour of impurity diffusion in the case of neoclassical
theory in almost the whole minor-radius region. ‘

s is shown in Fig. 7, in this case, because of the good confine-
ment properties of impurity ions, carbon ions are strongly accumulated
in the central region of the plasma, mainly in the CV state. The
confinement time of the impurity ions is 28 ms. The impurity ion loss

flux and the amount of re-cycling neutral carbon atoms in the edge
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region are small compared with cases (b) and {c). The peak value of
<
the CIII 2297 A photon emission in the minor radius is 9 x 10'?

photons+cm™ 3¢5 !, although the experimental value is larger by a factor

of 50.

(b) Neoclassical + anomalous diffusion: Since, with the present

plasma parameters, Da/DC is approximately 10, anomalcus processes
dominate the diffusion of impurity ions., In this case, the impurity
confinement time is 1,1 ms, so that it is necessary to consider perfect
re-cycling conditions for carbon atoms at the wall surface to obtain a
stationary state over a period of several milliseconds. Our assumption
of 3 ¥ contamination in the total number of carbdn atoms yields good
agreement in the CV 2271 ; line emission with the experimental
observations in the central region. The peak intensity of the 2297 ;
photon emission in the peripheral regiom is 1.7 x 10!* photons'cm_3°s—1,
which is within a factor two or three in agreement with the experiment
as is shown in Fig. 7.

In Fig. 8, the computed radial density profiles and radial particle
fluxes of the individual ionization states are shown. The result shows
that carbon atoms are iconized and lost from the plasma mainly in the

peripheral region of r > 5 cm., The result also shows that helium-like

CASE (b}
.
f(E) .
= 4 4 %
Q
= I cv ,E.v o)
— / N\ =
I . / \ =
\I \ o
Fig.8(1) Calculated radial I ; X Vo A
2 2.
density profiles of individual
ionized states in the steady
state for case (b).
o]
O




JAERI-M 8215

TU

& CASE (b) /

1. .

§ Ll /cv g

@ .

[

= /

: j

R / cV |

o o
Fig.8(2) Calculated radial - // A
particle diffusion fluxes in the / ' /
steady state for case (b). / 41

r {em)

CV ions spread to the edge of the plasma since the recombination time

of the ions is much longer than the particle confinement time. Although
measurement is difficult since helium¥1ike ions have too large an execi-
tation energy to be detected optically in the cold-edge region, the
calculation indicates that carbon ions are lost dominantly in the helium-

like state.

{c) Anomalous diffusion: In this case, the result is similar to Case

(b) as is shown in Figs. 6 and 7, since the anomalous diffusion coeffi-
cient is an order of magnitude larger than the classical one. The
density distribution of the carbon ions is rather flattened compared
with Case (b), i.e. the photon emissivity of the 2271 R line is
decreased and that of 2297 R line is slightly increased. The confine-

ment time of the impurity ions is 0.8 ms, and the re-cycling flux is

increased.

On the basis of what we have been discussing up to now, we see
that the experimental observations in the discharge without injection
are well described by considering anomalous process and perfect re-

cycling.
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3.3.2.2 The Case with Injection

In the methane gas injection calculation, we add the injected
neutral-particle flux to the recycling flux as noted previously. We
take a triangular gas pulse of 1.5 ms duration, which approximately
fits the measurement,

In the present calculation, the same amount as is successfully
introduced intc the discharge in the experiment is taken as the injected
number of carbon particles. The hydrogen particle flux is taken to be
four times the carbon neutral-particle flux,

The energy of the iﬁjected hydrogen particles is forced to be taken
as the same value as the re-cycling neutral particles, since our code
includes only one energy spectrum for the cold-neutral-particle flux
into the plasma. However, since the increase in proton and electron
density with the injection is small and the re~cycling process is fast,
this assumption will not change the impurity behaviour appreciably.

For the influx of neutral impurity particles, our code includes two
energy spectra and we can take the room temperature for the injected
neutral carbon particles. Since the injected neutral impurities are
ionized mostly in the outer-edge region and the re-cycling process is
very fast, the computed result is not changed appreciably with injection

energy below 2 eV.
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JAERI-M 8215

CASE (a}

e -
i
& =
1 A
9 n
x ©
[T :
— Lot
y 2
o

Fig.9(2) Calculated evolutions of

volume emission of CIII 2297 A

and CV 2271 A after methane injection.

05

r {cmi

With the above noted procedure, three diffusion model cases as

previously examined are carried out:

(a) Neoclassical diffusion: With the gas injection, the injected

peutral carbon atoms penetrate about 1 cm into the plasma before being
ionized. The ionization process continues as the ions are lost or
transported towards the central region of the plasma. In Fig. 9 (1),
the calculated evolution of the density profile of CV is shown. It
shows that the ions present in the peripheral region at 8 or 9 ms are
collected towards the central region rather gradually, and this inward
diffusion still continues at 12 ms.

A slight increase that can be found at the centre at 8 ms does not

show the penetration of the injected impurities, but: the still prevail-

ing rearrangement of the radial profile near the central region. It
takes a much longer time to reach the exact equilibrium state for the
neoclassical diffusion case than for the anomalous case, especially iﬁ
the central region.

A large discrepancy with the experimental results is found in the

time development of the CIII line emissivity. As is shown in Fig. 9 (2),
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with the injection, the photon signal rises rapidly and then declines
soon after the period of finishing the injection. This is due to the
strong inward diffusion of the carbon ions. In the injection phase,
3, a1
*g

the CIII line emissivity grows up to 7 x 10" photons+cm™ at 8 ms,

and then decreases to 5 X 10'% photons cm™%+s™?! at 12 ms. In 2271 A
emission, we also find a discrepancy, i.e. strong increase in the central
region 1s still observed at 12 ms, although in the experiment the
penetration is accomplished before this period. Thus, all the computed

results are much different from the experimental observationms.

(b) Neoclassical + anomalous diffusion: 1In this case, the diffusion

velocity of the carbon ions of the j~th state is predicted to be {only

dominant terms are shown):

1 on, Zi on
V,=-p =——Ll+p =F
3j an, or cn_ or

J P

Thus, the self-spreading term by anomalous diffusion is dominant,
so that more rapid penetration into the central region than in Case (a)
is expected. Figure 10 (1) shows the calculated time development of CV

density distribution after the injection. At 2 ms after the beginning

T

CASE (b}
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Fig.10(1) Calculated re-arrangement
of CV density profiles after methane
iniection. The arrangement is
almost accomplished at 10 ms.
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of the injection, a large portion of the injected carbon atoms spreads
towards the central reglon, and, at 10 ms, a new equilibrium state is
almost established. 1In Fig. 10 (2), the time development of the radial
photon emission profiles is shown. Good agreement with the experimental
observations is found. The 2297 E line emission suddenly rises with the
injection and then stays in steady state at 9 ms. A little overshcot in
the emissivity within the injection period (at 8 ms) is probably due to
the difference from the experiment in more detailed gas injection

process or recycling process.

(c) Anomalous diffusion: Figure 11 shows the computed photon inten-

sity profile with the injection. Similarly to the previous study of the
steady-state case, the calculation shows almost the bame results as in
Case (b). As has been noted in the steady-state case, in the course

of the penetration, a tendency of flattening in the profile of carbon

ions and intense re-cycling are found.
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3.4 Discussion

In studying discharges with and without injection, we see that it is
necessary to add:an anomalous diffusion to the neoclassical cone in order
to explain the impurity behaviour. Besides the already noted possible
anomalous processes that cause a strong spreading effect, we must take
into account the spreading effect due to collisions with metal impuri-
ties as is expected from neoclassical impurity transport theory.

7 As noted previously, in the present discharge, a maximum contami-
nation of 1 % by metalrimpurities is estimated, although its exact
amount and radial distribution are not known. Including metal impuri-
ties of charge ZMj’ density NMj’ and mass m, (mp/mM << 1), the radial
fiux of carbon ions of the j-th state is given by

z 2 m an
- f_f;_ "k '/_E 2 _J
1"j [Da + Dc 1+ 2mp L np + mp fM <ZM >)] ar

Z.n EER L Bnk ™, 9N
+D n ( ar + 2m sz ar + Zsz or )
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where

N, Z2
2 Mj Hj
< ZM > = > , £ = IR / np

NMj

and m, is the mass of the carbon atom.

Thus, neoclassical theory predicts an additional spreading diffu-
sion and also predicts inward or outword diffusion of carbon ioms, its
sign being given by the gfadient term of the metal impurity density.

If we take fM and < Zﬁ > so that fM < Zé > ~ 1 and assume that the
density gradient of the metal impurity is of the order of that of the
protons, the-spreading term is considered to be rather important. In
this case, the spreading effect due to collisions with metal ions is
larger by a factor of /E—Zi_ than that with the protons. In the present
plasma, the parameter D /D is approximately 10, so that 0.1 /GE—EE_—

(~ 0.35) of the spreading strength by the anomalous diffusion Wthh we
have considered is expected to be due to collisions with metal impurities.

If only neoclassical diffusion including speading diffusion due to
collisions with metal impurities were considered, the results would
change by roughly a factor of 3, i.e. impurity confinement time and
radial penetration time of the injected impurity should be increased by
a factor of three. It cannot be allowed within the accuracy of the
present experiment: confinement time within a factor of two, radial
penetration time within 30 Z. Thus, the spreading effect due to colli-
sions with metal impurities is not sufficient for an explanation, and

anomalous diffusion must be considered.

3.5 Conclusion

We have injected a pulse of methane gas into the DIVA tokamak énd
measured the transient radial diffusion of injected carbon ions across
the whole minor radius. The major part of the injected impurity was
shielded by the outer-edge plasma, i.e. only 20 % of the injected carbon
were introduced into the discharge. 3 ms after the injection, the

radial penetration was accomplished, the accumulation doubled and the
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new steady state was sustained over the period of proton confinement time.
The transient radial diffusion process of injected carbon was compared
with calculations by using a transient code which includes diffusion,
ionization, recombination and re-cycling processes. The behaviour of

the carbon impurity along the whole minor radius is well described by
assuming perfect re-cycling at the gold-plated shell surface and by

using necclassical diffusion superposed by anomalous proton diffusion.

It is shown that the radial tramsport of impurity ions is strongly
influenced by anomalous process. The calculated result indicates that

carbon ions are dominantly lost in the He-like state.
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4, IMPURITY SHIELDING AND SWEEPING-OUT BY THE DIVERTOR

4.1 Introduction

In this chapter the following two fundamental divertor actions on
the impurity are investigated: shielding of the impurity influx, and
sweaeping-out the impurity fons diffusing from the main plasma into the
burial chamber. For this purpose we have injected a pulse of methane
gas and a short burst of aluminum into DIVA plasma at the farthest point
from the divertor. Radial diffusion process across the scrape-off
layer, and the parallel excursion along the scrape-off field lines into
the burial chamber of the injected impurity ions, are investigated with
visible and vacuum ultraviolet spectroscopies,

In Section 4.2, the experimental arrangement is presented. In
Section 4.3, comparison of the accumulation of the injected impurity in
discharges with and without divertor are presented. In Section 4.4,
observation of the parallel excursion of the injected impurity ioms
along the scrape-coff field lines is presented. In Section 4.5, the
experimental results are discussed. The conclusion is presented in

Section 4.6.

4.2 Experimental Set-Up and Discharge Conditions

In the present experiment, the toroidal field is fixed at 20 kG,
and no titanium is flashed in the burial chamber.

Figure 1 shows the positions of CHy and aluminium injections and
the arrangement of the three monochromators. The monochromator system
1 (M.1) consists of 1) a 3-m grazing-incidence vacuum monochromator
calibrated by means of the atomic branching ratioc method, and 2) a
visible and UV monochromator calibrated by means of a standard tungsten
ribbon lamp and a standard NBS-UV hydrogen discharge lamp. 1In a
section placed at 45° from the gas inlet in the toroidal direction,
this system allows'a shot-to~shot vertical scan with a space resolution
of 1 em (VUV) and 1.6 em (visible and UV).

The monochromater 2 (M.2) is a non-calibrated 1-m Czerny-Terner-
type vacuum monochromator, whichlis placed 135° from the gas inlet.

By scanning an aluminium mirror horizontally, the line emission from
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Fig.l Cross—-sectional view of DIVA tokamak and experimental arrangement
showing the position of methane and aluminium injections and sight
paths of three monochromators. A pulse of methane is injected
with a fast-acting gas valve. A short burst of aluminium is
produced by means of high-power laser irradiation on an aluminized
glass glide. In diverted discharges, 30 % of the particle flux
and 70-80 7 of the heat flux diffusing from the main plasma are
guided into the burial chamber. In non-diverted discharges, no
particle and heat flux into the burial chamber is cbserved.

plasma in the burial chamber and in the inner half of the msin plasma
is measured with a space resolution of 2 cm.

For an easy comparison of the amounts of injected impurities
accumulated, discharges with identical electron temperatures and
densities are desirable. For the same plasma current, the same toroi-
dal field and the same average electron density, the electron tempera-
ture profiles differ widely in discharges with and without divertor,
because the divertor Increases the maximum electron temperature'and
broadens the radial temperature profile [1]. For this reason, dis-
charges with and without divertor, into which the impurities are
injected, are set up under the following conditions: for diverted
discharges, the plasma current Ip = 30 kA, and the ratic of the divertor
hoop to the plasma'current ID/IP = 1.56; for non-diverted discharges
we have I, = 40 kA and ID/Ip = 0.46.

With the help of a 2-mm and a 5-channel 4-mm microwave interfer-
ometer, the line-integrated electron density profile is measured., The
electron temperature profile is measured by means of Thomson scattering

and the saft-X-ray energ§ spectrum. Figure 2 shows the time develop-

_41 —
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Fig.2 Time development of plasma current Ip, plasma loop voltage Vi, and
line-integrated electron density Jned? at R = 60 cm for discharges
with and without divertor.

ment of I the plasma loop voltage Vi, and the line-integrated electron

density az R = 60 cm in discharges with and without divertor. Figure 3
shows the radial electron temperature profiles and line~integrated
electron density profiles along the major radius for both discharges

at the current plateau when the impurities are injected. The peak ion
temperatures in both discharges are 200-240 eV.

In diverted discharges, the separatrix magnetic surface is located
at about 1.5 cm from the shell surface {2], and 30 % of the particie
flux and 70-80 % of the heat flux diffusing from the main plasma are
guided into the burial chamber. The scrape-off plasma parameters in
the burial chamber are: the peak density in the vertical profile
measured by a Langmuir probe is 4 X 10%2 cm” 2, the peak electron tem-
perature measured by a Faraday cup [3] is 60-70 eV, the lon temperature
obtained by Doppler broadening is 80 eV (CV), 40 eV (CIV), and,

measured by a Faraday cup, 60 eV. In non-diverted discharges, no
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Fig.3 Electron temperature profiles along minor radius, and line-
integrated electron density profiles along major radius in
discharges with (solid lines) and without (dotted lines) divertor

at the current plateau.

particle and heat fluxes into the burial chamber are observed.

The particle confinement time obtained from the ion saturation
current to the shells and the burial chamber wall is 2 ms fer beth
discharges, |

Figures 4 shows the radial profiles of the line radiations from
the intrinsic carbon ions at the current plateau. Solid lines and
dotted lines indicate discharges with and without the divertor,
respectively. These Abel-inverted volume emissions of CVI 33.7 3,

Ccv 2270.9 ﬁ, CIII 2296.9 3 are obtained by scanning the M.l vertically
and neglecting the non-circular effect.

Figure 4 shows that, in diverted discharges, the intensity of
lines from CIII is reduced by 30 % and that from CV and CVI by a
factor of 2 compared to the non-diverted discharges.. The line inten-
sities from the CIII ions, which are "burnt" much more rapidly than the
time required for Eheir cross-field diffusion, represent the influx of
carbon atoms at the outer plasma edge. Therefore, it appears that the
impurity influx at the plasma edge is 30 % smaller, and the accumula-
tion of higher ionized impurities in the main plasma is reduced to

half of its value by the divertcr action. This situation is similar
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Fig.4 Comparison of line emissivities from ionization states of
intrinsic carbon ions for discharges with and without divertor.
In diverted discharges line intensities from oxygen (OV 630 ﬁ,
OVI 1032 A, OVIT 21.6 R) and metal impurities (pseudo-continuum)
are also reduced by a factor 2 to 3 with respect to non-diverted
discharges.

to one where oxygen and metal impurities are present in the discharge,
i.e. in a diverted discharge; line intensities from oxygen (OV 630 E,
OvI 1032 A, OVII 21.6 R) and metal impurities (pseudo-continuum emis-
sion in the range from 45 A to 250 A [4]) are reduced by factor of 2
te 3 with respect to the non-diverted discharge.

Impurities are injected at 5 to 6 ms into the discharge in the
following manner: by using a magnetically fast-acting gas valve,
6.3 x 107 methane molecules are injected, with a pulse duration of
1.5 ms, through the gas inlet placed at the point farthest from the
divertor.

A short burst of neutral aluminium atoms with a velocity of 5 X 10°
cm-s”! is produced by irradiating a 0.2-um-thick aluminized glass slide
with a 2.6-mm-diameter focused high-power laser spot size. The glass
slide is located 6 cm from the outer plasma edge. The velocity of the
neutral atoms is deduced from that of the aluminium plasma [5] measured
with two Langmuir probes placed in front of the glass slide. Estimated
4+2 x 10'® atoms, probably including some fraction in the form of

clusters [6], are directed obliquely to the outer-edge magnetic surface
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through a shell gap. The reproducibility of the aluminium injection,
deduced from the increase of line emission from the injected aluminium
ions in the plasma, lies within 10 Z%.

The injected impurity atoms penetrate into the plasma before they
are ionized. The jionization process continues as the ions move rapidly
along the field lines and, less rapidly, move across them. The trans-
port of the injected carbon ions towards the central region of the main
plasma is observed by M.l and M.2, and that into the burial chamber is

observed by M.2.

4,3 Accumulation of the Injected Impurities in

Discharges with and without Divertor

4.3.1 Methane Injection

With methane injection into the diverted discharge, the increase
in plasma resistivity and the total radiation loss measured by a pyro-
electric detector [4] are small and less than 15 %. The electron
density increases by 15 % and the electron temperature of the main
plasma column decreases by 10 %. Since the changes in the plasma
parameters are slight, the increase in impurity accumulation with
injection is proportional to that of the line intensity. This situa-
tion does not change in non-diverted discharges with a methane injection
of the same amount.

Figure 5 shows the time development of the increase in line
intensities from CIII, CV, CVI for both discharges with methane injec-
tions of the same amount. Solid lines refer to discharges with and
dotted ones to discharges without the divertor.

Figure 5a shows the injection phase, 1 ms after the gas valve is
opened. Almost the same increase in the CITI line emission in both
discharges indicates the same amount of additional carbon influx into
the plasma edge, This is consistent with the same amount of injected
carbon atoms. Figﬁre 5b represents the situation at 2 ms. It shows
the radial penetration phase of the injected impurity towards the
central region of the plasma. An increase in the CV line emission for
both discharges with and without divertor indicates that the impurity

influx into the main plasma column is reduced to half to its value by
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Time development of increase in CIIT 2297 R,,CV 2271 ﬁ, and

cvI 33.7 & after start of methane injection: a) during injection
phase, b) during radial penetration phase, c) after penetration
has been accomplished. Accumulation of the injected carbon ions

in the main plasma is reduced to half of its value by the divertor.
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the divertor actiomn.

Figure 5c refers to 4 ms when the radial penetration is accom-
plished. The CVI and CV line emissions are reduced to half of their
values in the diverted discharge.

These observations make it clear that the radial impurity influx
towards the plasma centre is reduced during the ionization process
from CIII te CV by the divertor action. This is apparently due to the
magnetic channelling of the scrape-off plasma into the burial chamber
and suggests that half of the inward carbon flux is guided into the
burial chamber at an ionizaticn state around CIV.

At 4 ms in Fig. 5, the peak densities of the increased carbon ions
along the minor radius are: CIII ~ 9 x 10'% em™?, CV ~ 2 x 10'! em™ 3,
which are calculated by using the modified coreonal model for Be- and
He-like ioms [7], and CVI ~ 1.7 x 10'! em™®, which is calculated by
using the coronal model and employing the excitation rate coefficient
given in Ref. [8]. The ionization time Ty of CVI in the central regiom
ig ~0.3 ms [9]. Therefore, the injected carbon ioms are dominantly in
the fully stripped state CVII at this time. On the assumption that
the increase in n, with methane injection is due to stripping of ten
electrons from each of the injected methane molecules, increase of
15 % in the electron density, for a total number of 3.5 X 10'8, indi-
cates that the total number of accumulated carbon ions is 5.3 x 10'%,
By using the CVI density obtained by spectroscopic measurements and
the CVII density deduced from the increase in ng, a rough estimate of
the confinement time T of the CVII ions in the central region can be

obtained:
T =t oc CVIL/CVI ~ 3 ms

As a result of the injection of 6.3 x 10'7 carbon atoms, 8 to 9 %
of the injected carbon atoms are accumulated in the plasma. This also
indicates that, for non-diverted discharges, approximately 15-20 % of
the injected carboﬁ accumulates in the plasma. It appears that a
shielding effect against the injected impurities is present even in
non-diverted discharges. A possible interpretation of this phenomenon
is that a large fraction of the injected particles is trapped near the

stainless-steel gas outlet, whereas they interact strongly with the
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surface at the outer edge of the plasma during the injection phase.
The rest of the carbon atoms spreads along the field lines, diffuses
across them and is re-cycled at the gold-plated shell surface, During
this process at the outer edge, half of the ions are lost into the

burial chamber in diverted discharges.,

4.3.2 Aluminium Injection

Since there is neo intrinsic content of aluminium ions in the DIVA
discharges, the aluminium injection with sufficient line intensity from
the accumulated aluminium ions can be performed with no detectable
change - above ~ 2 % - in plasma resistivity and electron density.

Figure 6a shows the time evolution of the line integral (across
the minor diameter) of photon signals of A1XT 550 A with an aluminium
injection of the same amount for discharges with and without divertor.
Figure 6b shows the radial profiles of the corresponding volume emis-
sion 3 ms after injection. Solid lines indicate a discharge with and
dotted ones a discharge without the divertor.

In both discharges, the signal rises after 600-700 us from laser
irradiation, reaches its peak value at 3 ms and then decays with a
3-5 ms time constant. Since ALXI 550 A (An = 0 transition) is insen-
sitive to the electron temperature above 20 eV, the signal is pro-
portional to n Npix71, where Njjxy is the AIXI density. Therefore, the
increase in intensity in Fig. 6a indicates radial penetration of the
injected aluminium ions towards the plasma centre, and the decay
process reflects ionization up to the AIXII state or diffusive loss
towards the wall. In contrast to the case of carbon injection, the
signal indicates no continued re-cycling of injected aluminium at the
wall. As a result, for diverted discharges, the accumulation of
injected aluminium is reduced by a factor of 3 to 4 compared to non-
diverted discharges.

The amount of maximum accumulation along the minor radius deduced
from the line intensity and the excitation rate coefficient given in
Ref. [&] is 2.3 X iOg em™? for diverted discharges. The ionization
time Ty of AlXI and AIXII in the central region of the plasma is 0.2 ms
and 17 ms, respectively, so that the dominant state is expected to be
AIXII (He-like state).

Since the line emissivity from the He-like state of the aluminium



JAERI-M 8215

g 3

b v Al

t @@—SPECTROSCOPE
-

O 2 |
e

x
ocT
o
3
=
<
20k //O\
pe \
S FAR 3MSEC
& 4 \ AFTER
. .51 \ INJECTION
5 \
~. O
ot \\
1]
O 1.0f DIVERTOR )
X OFF ©
o<
o
g
(9]
%4
Py

10

r {(cm)

Fig.6 a) Time development of the line integrated emissivity of alXI 550 A
with aluminium injection; b) Abel-inverted volume emission of
AlXI 550 A 3 ms after injection. Accumulation of injected
aluminium ions in the central plasma region is reduced by a factor
of 3 to 4 by the divertor.
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ion is too weak to be detected, the AlXII density is deduced by employ-
ing a much higher aluminium contamination, with a detectable change in
ng {(Ang/n, ~ 7 %) and by assuming that An, = 11 Npqgyy. With this,

and with the spectroscopic measurement of the AlXI density, we obtain
that NAlXII/NAlXI = 22 in the central region. By using this ratio,

we estimate that roughly 2 X 10'® aluminium ions accumulate in the
diverted discharge. The confinement time T of AIXIT iomns in the
central region is T = TINAIXII/NAlXI ~ 4 to 5 ms. Thus, for the injec-
tion of 4(*2) x 10'® aluminium atoms, with an uncertainty of a factor
of 2 to 3, 5 % and 15-20 % of the injected aluminium atoms accumulate
in the discharge with and without divertor, respectively,

These results are very similar to those for the case of carbon
injection. Possible reasons for the small fraction of penetrating
aluminium atoms, compared with methane, might be oblique injection,
absence of re-cycling at the wall, or a difference in plasma perturba-

tion due to Injection.

4.4 Observation of Parallel Flow of Injected

Impurities along the Scrape-0ff Field Lines

By scanning the aluminium mirror horizontally in the diverted
discharge with methane injection, an incréase in the line emissions
from the injected carbon ions in the burial chamber and in the main
chamber is observed. Figure 7 shows the line-integrated photon emis-
sivity along the two paths indicated in the figure. The solid lines
indicate the line emissivities from the intrinsic carbon content and
the dotted lines those from the content of injected carbon atoms.

In the main plasma, a sudden increase in the CII-CIV line intensitiles
indicates the spreading of the injected impurity ions at the outer

edge of the main plasma. As was discussed in Section 4.3, the increase
of the CV line intensity mainly indicates cross-~field diffusion of the
injected carbons towards the hot main plasma.

The appearancé of an increase in line emission in the burial
chamber is rather interesting. The increase of the CII line emission
is very slight. The time behaviour of the increase in the CIII 2297 A
line emission is consistent with the waveform of the methane gas pulse

of 1.5 ms duration. The largest increase can be found in the CIV line
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emission. The increase of the CV line emission is not so steep as that
in the main plasma.

Figure 8 shows the delay time of the flow front of the injected
carbons (in CIII state) at the divertor throat (R = 46 cm). It shows
that it takes 300 * 100 us to appear in the burial chamber.

These observations in the burial chamber demonstrate the following

facts:

1) The fact that there is no increase in the CII line emission in the
burial chamber indicates that the observed increase in CIII emission

is not due to an ionization of the increased neutral carbon atoms in
the burial chamber caused by something other than injected CH,; that

is to say, the injected carbons are ionized successively during their
poloidal excursion along the scrape-off layer. Part of them reaches

the burial chamber in the CILII state.

CHaq

SPECTROSCOPE
| cll 2297 A

| INJECTION
START

INJECTION

e .

N W D

INTENSITY (ARB. UNITS)

Fig.8 Increase in CIIT 2297 A line emission in the burial chamber with
methane injection. The time delay in the increase with respect
to the start of the injection represents the time needed for
poloidal excursion of injected carbon ions along scrape-off field

lines.
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2) Although we have not carried out an absolute measurement of the
various carbon ionization states in this experiment, the signal sug-
gests that the injected carbon atoms appear in the burial chamber

dominantly around the CIV state.

3) The increase in CV line emission in the burial chamber does not,
primarily, reflect the direct flow of the injected carboms into the
burial chamber along the scrape-off field lines, but the guidance of
the diffusive loss flux of highly ionized ions from the main plasma

through the scrape-off field lines into the burial chamber.

Now, it seems that the appearance of an injected impurity flow in
the CITI-CIV states in the burial chamber corresponds to the vertical
observations presented in Section 4,3, i.e. half of the injected
impurity influx disappeared during the successive ionization process
from CIII to CV.

In addition to this shielding effect brought about by the divertor,
we should note the following:

As a result of methane injection, the carbon content of the main
plasma is nearly doubled. The loss flux of the carbon ions to the
shell surface is also doubled. This is shown in Fig. 7. 1In this
figure, the CII and CIII line emissivities from the main plasma edge,
which represent the re-cycling flux at the gold-plaﬁed shell surface,
increase by a factor of two. This can be recognized from the confine-
ment properties of the carbon ions (T ~ 3 ms) discussed in Section 4.3.
Similarly to this impurity loss flux to the shell surface across the
field lines, the increase of the CV line intensity in the burial
chamber represents the impurity loss flux in a highly ionized state
into the burial chamber through the scrape-off field lines, i.e. a
part of the highly ionized impurity outflux from the main plasma is

swept out into the burial chamber.

4.5 Discussion

In this section, we focus our interest on the transport of injected
carbon ions along the scrape-off field lines into the burial chamber.
The electron impact ionization times of the lonization states of

carbon atoms [9] in a scrape—off plasma of an electron density of
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Ee ~ 2 x 10'? em™? and an electron temperature of ~60-70 eV are: 4, 20,
100 and 400 us for CI, CII, CIII, CIV, respectively. The fact that

the observed ionization states of the injected carbon atoms in the
burial chamber are arouﬁd the CIV state is consistent with the succes-
sive ionization process inferred from these ionization times in the
scrape-off plasma during the 300 * 100 ps of the poleoidal excursion
time.

The injected carbon atoms are rapidly ionized (~20-30 us) up to
the CIII state at the plasma edge before they can carry out any sub-
stantiél poloidal excursion. In this ionization state, by collisional
heat exchange between the ions (Zgg¢f ~ 3), the injected carbon ions
are heated up to the bulk ion temperature {~40 eV) with a time constant
of 60 us.

The thermalized CIII or CIV jons undergo many collisions with the
bulk ions before they reach the burial chamber at a thermal velocity
of vg; ﬂqR/vtT ~ 8-15, where T is the impurity-ion collision time and
q (~5) is the safety factor. Therefore, the diffusion process along
the scrape-off field lines is dominated by collisional effects. The
diffusion time needed for the poloidal excursion is (Tqu)Z/'Evt2 ~ 4-8 ms.
This is longer than was observed experimentally. This seems to attest
to the existence of strong directional forces towards the burial
chamber. Since the collisional momentum transfer time in the scrape-off
plasma is only 60 us, the injected carbon ions should be accelerated
by the bulk scrape-off plasma flow.

The flow velocity of the bulk plasma aleng the scrape-off field
lines in the burial chamber measured by a one-directional probe [3] is
0.2-0.5 Cg, where Cg is the velocity of sound. With this flow velocity,
the transit time is TRq/0.3 Cg ~ 190 us. The observed transit time of
the injected carbons is well explained by this velocity. In addition
to this collisional process, the transport process of the impurity
ions should be affected by the space potential along the scrape-off
ficld lines. Impurity transport including the above-mentioned direc-
tional forces and aﬁomic processes in the scrape-off layer is under
investigation by a numerical method; the results will be published

elsewhere.
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4.6 Conclusions

We have injected a pulse of methane gas and a short burst of
aluminium into DIVA discharges with and without divertor. The results

are as follows:

1) For methane and aluminium injection of the same amount, the ac-
cumulation of the injected impurity ions in the main plasma is reduced

by a factor of 2 to 4 by the effect of the divertor.

2) In the methane injection for the diverted discharge, the radial
impurity flux towards the main plasma centre is reduced during the
successive ionization process from CIII to CV, This corresponds to
the fact that the ionization states of the injected carbon ion flow
into the burial chamber are around CIV. This represents the impurity

shielding effect of the divertor,

3) The impurities shielded in the scrape-off layer are rapidly guided
into the burial chamber. The time needed for the poloidal excursion
of the injected impurities in the scrape-off layer is equal to that of

the scrape-off plasma.

4) The impurity ion flux of highly ionized states into the burial
chamber increases with the increase of the impurity content of the
main plasma. This exhibits the sweeping effect of the divertor, i.e.
a part of the impurity ions diffusing from the main plasma is swept

out into the burial chamber through the scrape-off layer.
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5. ©PRODUCTION AND CONFINEMENT PROPERTIES OF METAL IMPURITY
5.1 Introduction

As already noted in Chapter 1, divertor reduces the plasma-wall inter-
action by guiding the diffusing plasma from the main confinement region
into the remote burial chamber. Since the sputtering due to the highly
jonized ions accelerated by the potential drop between the wall and the
plasmé is the dominant process in the mechanisms of the metal-impurity.re—
lease [1], the important aspects of divertor operation controlling the plasma-
wall interaction are: 1) reducing the impurity flux onto the first wall by
guiding the diffusing highly ionized impurity ions from the main plasma into
the remote burial chamber, 2) reducing the electron temperature of the scrape-
off plasma, which contacts the first wall, due to the large electron heat
conduction along the scrape-off field lines, because the potential difference
between the plasma and the material surface is determined by the electron
temperature.

In this situation, on the other hand, the material surface which con-
tacts a high temperature scrape-off plasma is replaced by a neutralizer
plate in the burial chamber, and in this case the impurity efflux from the
neutralizer plate becomes the problem. Therefore it is important to investi-
gate the effect of the impurity backflow from the neutralizer plate into the
main plasma. If the impurity backflow becomes serious and/or the reduction
of metal impurity production at the first wall with divertor operation is
not sufficient, then a farther control of plasma wall interaction in the
burial chamber and main chamber has to be necessary. One of the methods of
additional control of plasma-wall interaction is cooling the scrape-off
plasma with light-impurity or ceold fuel injection.

In this chapter these methods controlling the impurity origin are
experimentally investigated, and then the penetration and confinement proper-
ty of metal impurity ioms in the plasma is investigated.

Section 2 presents the outline of metal impurity in the DIVA plasma.
Section 3} presents the observation of impurity flux onto the main chamber
wall in discharges with and without divertor, and the impurity backflow from
the burial chamber to the main plasma. Section 4 presents the suppression of
metal impurity production at the main chamber wall by cooling the divertor

scrape—off with light-impurity injection. Section 5 presents the confinement
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property of metal impurity ions in the plasma. Section 6 presents the dis-
cussions on the experimental observation of the radial transport of metal
impurity ions using an impurity transport code. Conclusions are presented
in Section 7.

The experimental set-up is almost the same as was described in the
previous chapter., In the present experiment, another monochromator and
aluminum injection system are added. Figure 1 shows the experimental
arrangement. '

The monochromator M3, is a2 1 m visible and UV monochromator. - By
scanning a mirror horizbntally, line emission from the divertor throat
(R = 45 cm, R is the major radius) to the outer edge in the major radius
(R = 71 cm) can be observed with a space resolution of 1 cm. For studying
the impurity backflow problem, aluminum injections both into the outer edge
of the main plasma and the scrape-off plasma in the burial chamber are
employed. The aluminum is released from small arc tips and injected inté

the plasma along the two chords indicated in the figure.

SPECTROSCOPE 3

SHELL

\
VACUUM X 7 | Zlem)
_CHAMBER [ CHORD 2 !

5x SPECTROSCOPE 1
JL CH‘

DIVERTOR
_HooP  __ /

SPECTROSCOPE 2

MIRROR

Fig. 1 Experimental arrangement. In the present experiment, the
monochromator M¢3 and aluminum injection into the scrape-off
plasma in the burial chamber are added to the experimental
arrangement in the previous chapter.
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5.2 Outline of the Metal Impurity in the DIVA Plasma

The radiation spectrum emitted from the DIVA plasma has crowded many
lines between 40 R to 200 R in 40 kA discharges. The origin of this complex
radiation spectrum has been believed to be gold [2], which is the surface
material of the first wall and guard limiters, because when the movable
shells which are ion-plated with gold is inserted into the scrape-off plasma,
this many lines and Aull 1800 & radiation increase. This is also confirmed
from the fact that the emission of many lines (pseudo-continuum emission)
increases when a small amount of gold is injected into the plasma by using a
ruby-laser blow-off technique [3].

Figure 2 shows the VUV-spectrum at the current plateau of 40 kA dis-

s _ charges with (solid line) and without (dotted line) divertor. A microphotometer
¢
trace of the spectrograph in a wavelength region of 10 to 350 A is
shown in ref. [4]. In nondiverted discharge the radiation intensity increases

by more than a factor of 3 to 4 especially around 100, 140 and 180 A. The
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Fig. 2 The wavelength distribution of radiance of the many lines
(pseudo-continuum emission) emitted from gold ions in discharges
with (solid line) and without (dotted line) divertor.
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photon emissivity can be obtained from the absolute sensitivity calibration
of the grazing-incidence monochromator presented in ref. [5]. Using this
calibration, the radiation power due to the many lines between 40 to 200 {
results in 27 kW in diverted discharge [6].

The amount of gold ions accumulated in the discharge is difficult to
estimate because the lack of atomie data on gold ions. However, using the
total radiation power emitted from gold ions in coronal equilibrium state
calculated with average-ion model [7], and the total radiation power obtained
by summing the photon emissivity in the spectral range between 40 to 200 K,
we can estimate roughly that the contamination level of gold ions are 0,05%
and 0.15-0.2% of the electron density in discharges with and without divertor

respectively,

5.3 Observations of Impurity Flux onto the Main Chamber Wall and

Impurity Backflow from the Burial Chamber to the Main Plasma

It is pointed out in ref. [1] that in the plasma conditlon of DIVA,
where the potential difference between the plasma and the vacuum chamber wall
is 100-300 V (v3+T,, where Ty is the electron temperature of the outer edge
plasma), sputtering by light-impurity or gold ions is the most possible
candidate causing metal impurity release at the first wall. Divertor has
-the 1lmpurity sweeping action that reduces the.impurity ion flux diffusing
from the main plasma onto the main chamber wall, thereby is capable of
reducing the metal impurity production at the wall caused by ion-sputtering.
The impurity fon-flow into the burial chamber due to this impurity sweeping
action is already observed in the previous chapter. In the present experi-
ment, we investigate the impurity flux onto the main chamber wall by observ-
ing the recycling of impurity ions in the plasma outer edge.

Before describing the impurity flux onto the wall (shell surface), the
effect of guard limiters must be noted. In the diverted discharge, three
guard limiters which are made of gold are inserted at 5 mm from the surface
of the shell to prevent the surface from the serious damage caused by such
as high energy electfons. We examine the effect of these guard limiters on
the plasma contamination by gold. When these guard limiters are extracted
from the surface of the shells, no changes larger than 10 Z in the pseudo=-
continuum emission and the plasma loop voltage are observed. This result

can be recognized from the following facts: At typical diverted discharge

- 60 -



JAERI-M 8215

employed in this work where plasma current 30 kA and Ip/Ip = 1.56, the ion
saturation current falling onto these limiters is only 5 % of the total
loss flux onto the shell sﬁrface, burial chamber wall and guard limiters.
Furthermore the electrical potential measured with respect to the burial

chamber are almost the same for three limiters and the shells; between -20

to =30 V. This exhibits that the ion current density and accelerating electric

field is the same for limiters and shells, therefore it seems clear that
gold impurity is mainly released from thé surface of the shell.

From the above noted facts and from the uniformity of ion-saturation
current falling onto the four sector pieces of shell which are placed in
toroidal direction within 20 %, we can assume that the plasma-wall interac-
tion caused by ions hitting the wall surface is uniform in toroidal
direction.

For gaseous impurities, the location in the poloidal plane where the
highly ionized ions are lost on the chamber wall can be judged by observing
the line intensity distribution from lower ionized state ions such as OII
or CII in the plasma outer edge, because they make perfect recycling &t the
gold plated shell surface as was observed in chapter 3, and are proportional
to the recycling flux in the plasma outer edge, and also because their
excursion in the poloidal plane is small: In the outer edge region of DIVA
plasma, where Tg v 70 kV and ne Vv 5x1012 cm ™3, the mean ionization free path
along the field lines with a thermal veiocity of 40 eV is 60 cm. This
corresponds to a poloidal excursion of 10 degree in a magnetic surface of
g~5. Unfortunately, the loss flux of gold ions is difficult to observe,

because the observation of Aul line emission itself includes the impurity
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Fig. 3 Vertical (a) and horizontal (b) distributions of CII and OIIL
line emissivities in discharges with and without divertor.
Impurity recycling occurs in the plasma edge region near the
wall in non-diverted discharge. With operating the divertor,
the impurity recycling is reduced near the first wall, and is
located on the divertor side.

production caused by all of the possible ions. Therefore in the following
we will discuss the divertor action controlling the impurity flux onto the
first wall only for gaseous impurities.

Figure 3(a) shows the line integrated vertical profile of CII 2836.7 R
line emission in discharges with (solid lines) and without divertor (dotted
lines) at the current plateau. It indicates that, in non-diverted discharge,
impurity recycling oécurs in the plasma outer edge region near the wall, as
is observed in ordinary tokamaks. On the other hand, in diverted discharge,
the impurity recycling is reduced near the wall, and is located at Z vi4 cm.
This situation is more clarified by the observation of horizontal distribu-

tion of the line emission. Figure 3(b) shows the line integrated horizontal
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profile of CII 2836.7 % and OII 4649.1 A line emissions. The figure indicates
that the loss processes of oxygen and carbon in the outer edge regicn

are the same, and they are lost to the divértor side when the divertor is
operated. It becomes clear that the positiom of the maximum intensity of
vertical profile of CII line emission in diverted discharge corresponds to
that of the divertor throat. It apparently shows that the impurity ions
diffusing from the main plasma is guided towards the burial chamber with
the divertor operatipn. On the other hand, the impurity ions are directly
lost to the surface of the wall in non-diverted discharge. As a result,.
in the diverted discharge, impurity loss flux onto the main chamber wall is
reduced, and the impurity loss flux is located on the divertor side. These
phenomena can be well recognized from the presence of a strong flow of
impurify jons towards the burial chamber in the scrape-off layer, which is

presented in the previous chapter.

Thus although the reduction of impurity flux onto the first wall is
small due to the small width of scrape-off layer in DIVA, divertor exhibits
the action reducing the plasma-wall interaction at the main chamber wall.

The second problem we investigate is the impurity backflow already noted

in Section 1. 1In order to investigate the effect of the impurity backflow
from the neutralizer plate, aluminum injection is performed along chord 1
and 2 (Fig. 1). Figure 4 shows the experimental result: solid lines with
injection, dotted line without injection; Injection along chord 2 has no
effect on the main plasma and, according to spectroscopic measurements of
AlX1, there is no observable accumulation in the main plasma. However,
injection along chord 1 has significant effects and results in large dis-
ruptions and the breakdown of plasma confinement. These experimental results
show that the impurity ions in the burial chamber hardly flow back to the
main chamber along the scrape-off field lines. The amount of accumulation
of aluminum in the main plasma in the case of injection in the burial
chamber is only 1/15 of the case of injection in the edge of the main plasma.
Since 5 % of the aluminum injected into the main plasma edge accumulates in
the diverted discharge, which is presented in the previous chapter, this
experimental result éhows that roughly 0.3 % of the aluminum ions injected
into the scrape-off plasma in the burial chamber accumulate in the main

plasma due to the impurity backflow.
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Fig. 4 Demonstration of the backflow of the aluminum ions from the
burial chamber into the main plasma; solid lines indicate with
the injections along chords 1 and 2, and dotted line indicates
the background level of the AIXI 550 A line emission.

5.4 Suppression of Metal Impurity Production by Cooling
the Scrape-Off Plasma with Light-Impurity Injection.

According to the property of ion-sputtering yield, it is important to
reduce the alectron temperature of the scrape-off plasma which contacts the
materlal surface, since the potential difference between the plasma and the
material surface is determined by the electron temperature. Therefore,
cooling of the outer edge plasma with additional gaseous impurity or cold
fuel injection is suﬁposed to suppress the production of metal impurity,

We investigate this cocling effect by employing a methane gas feeding
of 1.5 msec duration for 30 kA diverted discharge of relatively low he.
Figure 5 shows the time development of plaema current Ip, plasma loop voltage
Vi, line-averaged electron density n, and the line integrated radiation power
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Suppression of metal impurity production by ceooling the scrape-
off plasma with light-impurity injection. Time evoluticns of
plasma current Ip, plasma loop voltage Vi, line-averaged
electron density fiy, the total radiation power P,, the line
integral (across the minor dlameter) of photon signals of 175 A
(bandwidth 1 A), Aul 2675.9 A line emission near the divertor
throat (R = 48 cm), the floating potential of the shell with
respect to the vacuum chamber Vi, and the electron temperature
of the scrape-off plasma at 5 mm from the shell surface at the
divertor throat with (solid line)} and without (dotted lines)
methane injection (M.I.). The cooling of the scrape-off plasma
effectively suppresses the gold impurity production at the first
wall by reducing the ion-sputtering yield, thereby reduces the
accumulation of gold ions in the discharge.
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Py in discharges with and without methane gas feeding. With the gas feeding
the electron density increases 40 %Z. The changes in plasma resistivity and
radiation loss are small and less than 20 %. Figure 5 also shows the changes
with the gas feeding in the line integral (across the minor diameter) of
photon signal of 175 i (bandwidth 1 K), Aul 2675.9 K line emission near the
divertor throat (R = 48 cm), floating potential of the shell with respect

to the vacuum chamber and the electron temperature of the scrape-off plasma
at 5 mm from the first wall at the divertor throat measured with a Langmuir
probe. TFigure & shows the horizontal profile of vertically integrated line
emission of Aul 2675.9 A, It shows the horizontal distribution of the
intensity of gold generation at the wall surface. The solid line indicates
the gold generation in the discharge without methane injection, and the dotted
line indicates that at 2 msec after starting the methane injection. With
the gas feeding, the impurity generation at the whole surface of the first
wall is suppressed. Also at this time the outer edge of the scrape-off
plasma is cooled down by a factor of 2, thereby the reduction of potential

difference between the plasma and the first wall occurs. This appears that

Aul 267594
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Fig. 6 Horizontal profiles of line integrated photon emissivity of Aul
2675.9 A in diverted diecharge. It shows the horizontal distri-
bution of gold impurity production at the first wall. Cooling
of the scrape-off plasma with methane injection reduces the
impurity production over the whole surface of the shell.
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the observed reduction of impurity generation with the gas feeding is
attributed to the reduction of ion-sputtering yield by reducing the potential
difference (sheath potential) between the plasma and the first wall., As
previously noted, since the ion currents onto the four sector pieces of shell
are almost the same within 20 % in toroidal direction, the change in the Aul
line emission at the observed position proportionally corresponds to that

of the total gold influx into the plasma.

With the gas feeding the radiation from the gold ions in the plasma
center is reduced by 30 %. It is expected that this reduction is attributed
to the reduction of impurity influx (generation). There can be, however,
other aspects to explain this result, i.e. the reducticn of the metal
impurity contamination by cold gas injection may be due to the enhanced
shielding action and/or pumping—out due to the neoclassical impurity trans-
port process, which is caused by the change in the radial density profile
of protons or light-impurities.

In order to clarify this problem, accumulations are compared in dis-
charges with and without gas feeding for a same amount ot aluminum injectijon.
Figure 7 shows the experimental result. The observation of the AIXI 550 A

line emission from the plasma center results in a less than 10 % reduction
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Fig. 7 Accumulations of injected aluminum ions with and without methane
injection. This simulation experiment makes it clear that the
reduction of gold accumulation with the methane injection is not
due to a change in the transport of gold ioms, but the reduction
of gold influx from the wall.
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of the aluminum accumulatjon with gas feeding. Judging from these simulation
experiments, impurity transport does not change essentlally. 1t is con-
cluded that the observed feductiOn of the metal impurity ions in the plasms
is mainly attributed to the reduction of impurity influx by cooling the

scrape~off plasma,

5.5 Confinement Property of Metal Impurity Ionms in the Discharge

After the metal impuritvy, which 1s released from the wall, penetrates
into the main plasma, the tfansport across the minor radius becomes the
problem. In this section, the confinement property of metal impurity ions
in the discharge is investigated by observing the diffusion process of
pulsively'injeéted metal impurity ions.

For the first experimental evidence, gold is released from the
shell surface by pulsively biasing the shell negatively with respect to the
plasma., With the negative bias, as is expected from the ion-sputtering
yield property, gold is easily released due to the sputtering by the ions
accelerated in the applied electric field at the surface of the shell. The
experiment is performed in the following discharge conditions; line-averaged
electron density 1x10!3 cm™3, torcidal field 10 kG and plasma current 14 KkA.
Typical plasma parameters of this discharge are: peak electron temperature
200-250 eV, peak ion temperature 70 eV, enefgy confinement time 0.7 msec,
and particle confinement time 1 msec.

In this discharge, which is conditioned so that the plasma contamination

by the light-impurity is suppressed to small, the radiation power measured

with the pyro-electric detector is strictly proportional to the total

radiation power emitted from the gold ions in the whole wavelength range
between 120 to 250 A. Moreover, both of the measured radiation power,
calibrated by using the radiation from highly resistive discharges and by
means of the atomic branching ratio method respectively, coincide within a
factor of 2 [8]. .

The gold is released at the current plateau of the discharge. Figure 8
shows the time develbpments of the ion current onto the shell, radiation
intensity at 180 A in the pseudo-continuum emission, and the total radiation
power measured with the pyro-electric detector, which are observed along the
major chord of the minor radius. After the gold injection the radiation in
the whole wavelength range between 120-250 4 increases and then declines. The

-
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dotted line in Fig. 9 shows the increase of the pseudo-continuum emission

2 msec after starting the injection. The time development in the radial
penetration of the radiation is measured by scanning the pyro-electric
detector vertically with a space resolution of 2 cm, which is shown in Fig.
10. Since the intensity of the radiation emitted from various iomization
states of gold ions 1is almost independent on the electron temperature in
the present discharge (110-250 eV) [7], the radiation power can be assumed
to be proportional to ng-Np,, where Np, is the density of gold ions.
Therefore the experimental observation indicates that the gold ions released
from the first wall diffuse inward up to the plasma center within 1-2 msec,
and then diffuse out to the wall. After the outward diffusion of the impurity
ions, the accumulatién level comes back to the intrinsic level of the non-
injected discharge. These behavior indicates a finite confinement property
of the metal impurity ions of the order of that of protons in the low
density discharge. No strong peaking and long confinement time of the gold

ions in the plasma center,.which are expected from neoclassical theory
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Fig. 9 VUV-spectrum with and without pulsed bias of the shell.

especially for high~Z ions, are observed. These experimental results will

be compared with the transpert model presented in Chapter 3 in the next section.
Another experimental evidence of the confinement property of metal

impurity ions can be found in aluminum injection experiment presented in

the previcus section. In the methane injection followed by aluminum injec-

tion, which is presented in Fig. 7, comparison of the life time of A1XI ions

can be made in discharges with and without additional methane injection.

In the figure, the time needed for reaching the peak intensity in the line

emission shows the radial diffusion time of the injected aluminum ions up

to .the region near the maximum population (r=3 to 4 cm)} of AlXI state in

minor radius. The decay time constant of the AlXI line emissivity in both

discharges are 5.7 msec and 2.9 msec with and without the methane injection

respectively., Because the reduction of the electron temperature with methane

injection is small (~10 %) in the central region of the plasma, the difference

in the decay time constant is not due to an Increment of population density

of A1XI state cause& by the change in the electron temperature, but the

reduction of cross diffusion velocity through the region of the.electron

temperature corresponding to the maximum population of AlXI ioms.

Since the particle confinement time is proportional to ﬁe, 48 was
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presented in Chapter 2, it seems that the reduction of anomalous diffusion
coefficient with the increase of the electron density results in the decrease
of radial diffusion velocity and the increase of the life time of AlXI ioms.
In other words, it is concluded that with the increase of energy and particle
confinement time with increasing the electron density, the lifetime of metal
impurity ions in the plasma increases, because the outward diffusion due to
anomalous process is weakened and the inward diffusion due to collisional
process is strengthened. As a result, in this situation, more severe control
of metal impurity flux than that of today will be needed in a future tokamak

device operating with long energy confinement time.

5.6 Discussion

In this section we compare the experimentaly observed radial trans-
port or metal impurity ions with the results of an impurity transport
code. For a tramnsport model of light impurity ioms, we have employed
a neoclassical diffusion superposed by an anomalous diffusion for protons,
which has described well the radial transport of intrinsic and injected

carbon ions. Namely, the radial flux of impurity ions [ is given as:
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- N
I = Da + FN

ar

C

where, Da is an anomalous diffusion coefficient, N is the density of

impurity ions, and FNC is the radial flux due to the neoclassical theory.
In the present calculation, we apply this scheme also for the metal

impurity ions. The neoclassical cross-field ion flux FNC,&B of species

o due to the friction with ions of species B is given as

3 ) ana BnB
FNC,aB =-C E;—'[ ngZg" B T 248 3% 1

By summing up these ion fluxes for all the ionization states of
respective ion species, the diffusion equations for the proton density np,

light impurity density (oxygen) Ny and heavy impurity demsity Ny are given as

an
__j.g__l..-a—-rr +S‘ .
t r ar ] k!
an 2 9 an
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where N = I N,, < Z > = I ZN,/N, < 72 > = 1 ZZN /N. The electron
z g 4 Z

4

density is given by n, = n, + < ZL >NL + < ZH >NH'

Here N, ig the density of ions in the ionization state Z, and
AL ='mL/mp, AH = mH/mP, where mj being the mass of ions j. For the
neoclassical impurity flux, we take the simple expression presented in

ref.[9]

4 2m T
c_=0.5(1+ 2q%) 42T e 3%2* S ,
3#5;'T e B

where q is the safety factor, B the toroidal magnetic field, and T the
common temperature of all ions. Sp is the particle source of protons,
which is obtained by solving the transport equations presented by
Dnestrovskii. In the calculation, fast particles up to the fifth genera-
tion are treated. SL and SH are the particle sources of the respective
impurity species, which are obtained from simple transport equations for
the penetrating neutral particles with a constant velocity while ionized
by plasma electrons. The neutral particle fluxes at the plasma edge are
determined from the recycling conditions (reflection coefficient R} and
the additionally injecting flux. For the protons and light element we
take R = 1, and for the heavy element R = 0. For the anomalous diffusion
coefficient, we take the same expression as is used in Chapter 3.

To determine tﬁe neoclassical flux density, it is necessary to know
the quantities < Z > and < Z2 >, TFor oxygen, gold, and aluminum, we use
those calculated for the coronal equiliblium state presented in ref.[7].
In the siﬁulations, the electron temperature, ion temperature, and the

current density profiles are held constant in time. The temperature
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profiles are given by the experimental results, and the current density

profile 1s taken to be proportional to Te(r)B/Z.

5.6.1 Radial Diffusion of Pulsively Injected Gold Ions in Low Density
Discharge

We first calculate the radial transport of gold ions pulsively
released from the shell surface. Plasma parameters such as electron tem-—
perature, ion temperature, and line-averaged electron density are taken
to be the same as the experiment presented in Section 5. For a typical

case, a pulsed pgold flux of 5 X 1018 sec—l, 1.5 msec duration is added

to a constant influx of 1 X 1018 sec-l. For the coefficient C of the
anomalous diffusion coefficient, we take 300,

With this value, the calculated particle confinement time of protons
during the gold injection is 1.2 msec. Figure 11 shows the computational
result, The injected gold ions diffuse up to the plasma center within
1-2 msec. After the termination of the imjection, the gold ions present
near the wall is rapidly lost to the wall, thereby the gold ions accumu-

late in the plasma center. Then, the accumulation of gold ions returns
to the intrinsic level of non-injection discharge with a decay time

constant of 1.2 msec. Comparing this result with the experimantal

Density of Goid lons (X10 cm ')

Fig. 11 Calculated radial diffusion
of pulsively injected gold ions.
The present impurity transport model
describes well the experimental
observation presented in Fig.10.
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Fig. 12 Time development of the amount of trapped aluminum ions in the
’ : discharge for a neutral aluminum injection of 4 x 1016
' particles; (b) anomalous diffusion coefficient used in case
(a) is doubled, (c¢) mean Z is reduced to half of that for
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that for coronal equilibrium state only in the region of 1.7
cm width from the wall.

observation (Fig.10), this transport model well describes also the radial

transport of metal impurity ions.

5.6.,2 Amount of Impurity Accumulation in the Plasma for a Neutral

Impurity Influx from the Wall

The second problem that we consider is: for a flux of neutral
metal impurity from the wall, what is the amount of metal impurity ions
that accumulate in the main part of the plasma? The experimental obser-
vation of aluminum injection, which was presented in Chapter 4, shows that
only 20 % of the neutral impurity flux penetrates into the main plasma.
We examine this problem by employing the present impurity transport model.
The plasma parameters such as electron and ion temperatures, and electron
density are taken to be the same as the experiment presented in Chapter 4.
We take the energy of incoming neutral aluminum of 5 eV. For the coefficient

. C of the anomalous diffusion coefficient, we take 200 to obtain the proton
confinement time of 2.4 msec, which fits the experimental result.

4 x 1016 aluminum neutral atoms is injected with 1.5 msec duration

adding to a constant influx of 1018 sec_l after a steady state is

accomplished. Figure 12 shows the time development of total aluminum
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ions trapped in the discharge. Case {(a) in the figure shows the computa-
tional result. The penetration process of the injected aluminum ions
into the plasma center is similar to that'is presented in the calculation
of gold injection (Fig.ll), In this case, at the time just after the
termination of the injection, the trapping rate of the injected aluminum
is 35 %. The rest of the injected impurity ions is lost towards the wall
due to anomalous diffusion process which spreads the radial profile of
aluminum ions. This effect is clarified by the similar calculation with
the increased anomalous diffusion coefficient. The case (b) presents

the impurity accumulation when C = 400. In this case, the outward flux
towards the wall due to the anomalous diffusion is increased, thereby

the accumulation is reduced to 18 %. The confinement time of the accumu-
lated aluminum ions in the case (a) are 1.8 msec and 3.2 msec at 0.5 msec
and 3.5 msec after the termination of the injection respectively. The
former is mainly due to the rapid loss of the aluminum ions present near
the wall. The later shows the good confinement property of impurity ioms
present in the plasma center. This is due to the collisional inward
force strengthened because of high Z value of metal ions. This effect

is confirmed by the fact that the accumulation is reduced to 22 % when
the effective charge of the aluminum ions are reduced to half of that in
case (a)., The result is shown in the figure as case (c). Similar result
ig obtained in the comparison of the accumulation of gold and aluminum
ions. Figure 13 shows the time development of the accumulation of gold
and aluminum ions for a same constant neutral-impurity influx of 1 x 1018
sec”! (incoming energy of 5 eV). Gold needs a longer time for reaching a
steady state than that of aluminum, and results in a larger sccumulation
because of its higher mean Z value,

Taking into account that the collisional inward force increases
with the increase of the mean Z of the ions, and that the charge state
of the aluminum ilons in the experiment is rather lower than that of the
coronal equilibrium state especially in the outer edge region, it can be
said that the present impurity transport model well describes the trapping
rate of below 20 X 6bserved in the experiment (case (d) shows the trapping
rate when the mean Z is reduced to half of that for coronal equilibrium’
state only in the region of 1.7 cm width from the wall). -
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5.7 Conclusions

Divertor action controlling the plasma-wall interaction caused by
diffusing impurity iomns, control of the scrape—off plasma with light-
impurity injection, and the confinement property of metal ions in the
plasma are investigated. The results are summarized as follows:

(1) Divertor reduces the impurity ion flux onte the main vacuum
chamber by guiding the impurity iens diffusing from the main plasma
into the burial chamber, thereby reduces the plasma-wall interaction
caused by diffusing impurity ions at the main vacuum chamber. The
impurities produced in the burial chamber hardly flow back te the
main plasma through the scrape-off layer. Roughly only 0.3 % of the
impurity flux into the scrape-off plasma in the burial chamber
penetrates into the main plasma due to the impurity backflow.

{2 A slight cooling of the scrape-off plasma by light—-impurity
injection effectively suppresses the metal impurity production at the
chamber wall by reducing the ion-sputtering yield, thereby reduces
the accumulation of the metal impurity ions in the main plasma.

(3) The transport of metal impurity ions is influenced by anomalous

diffusion for protons, Due to this process, which spreads the radial
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density profile of impurity ions, the accumulation of the impurity
ions in the plasma center 1s only below 20 Z of the meutral influx
in the outer edge even in nom-diverted discharge. .

With the increase of energy and particle confinement time with
increasing the electron density, the lifetime of metal impurity ions im
the plasma increases, because the outward diffusion due to anomalous process
is weakened and the inward diffusion due to collisional process is
strengthened. As a result, more severe control of metal impurity
influx from the wall than that of today will be needed in a future

tokamak device operating with long energy confinement time.

_78_
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6. SUMMARY

Detailed conclusions derived from this work were presented at the
end of each chapter in the text. This summary includes an abbreviated
collection of those results and brief discussions on the impurity controel
in future large devices.

(L) The divertor shields the impurity flux entering into the main
plasma, and guides the shielded impurity ions into the remote burial
chamber, thereby reduces the impurity flux into the main plasma by a
factor of 2 to 4. The poloidal excursion time of the shielded
impurity ions in the scrape-off layer is roughly equal to that of
the scrape-off plasma. Divertor reduces the impurity ion-flux onte
the main vacuum chamber by guiding the impurity ions diffusing from
the main plasma into the burial chamber, thereby reduces the plasma-
wall interaction caused by diffusing impurity ions at the main vacuum
chamber. The impurity ions produced in the burial chamber may flow
back to the main plasma through the scrape-off layer. Roughly only
0.3 Z of the impurity flux into the scrape-off plasma in the burial
chamber, however, penetrates into the main plasma due to the impurity
backflow. Cooling of the divertor scrape-off with light-impurity
injection further reduces the production of metal impurity at the
first wall by reducing the potential difference between the plasma
and the wall, thereby reduces the accumulation of the metal impurity

in the plasma.

(2) Radial transport of impurity ions is not described only by

neoclassical theory, but is strongly influenced by anomalous process.
Radial diffusion of impurity lons across the whole minor radius is
well described by a neoclassical diffusjon superposed by the anomalous
diffusion for protons. Due to this anomalous process, which spreads
the radial density profile of impurity iems, the accumulation of
impurity ions in the main part of the plasma is only below 20 % of
the neutral impurity 1n%1ux from the wall even in non-diverted
discharge. Witﬁ the increase of energy and particle confinement time
with increasing the electron density, the lifetime of metal impurity
ions in the plasma increases, because the outward diffusion due to
anomalous process is weakened and the inward diffusion due to the

collisional process is strengthened. As a result, more severe control
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of metal impurity influx from the wall than that of today will be
needed in a future tokamak device operating with long energy confine-
ment time.

In this work, the effectiveness of the divertor controlling the
impurities is investigated in relatively small tokamak. Further
experimental investigation is necessary in a large device in order to
clarify the possibility of complete impurity control by employing a
divertor in a reactor operating with a large auxiliary heating. 1In
addition to this divertor approach, non-divertor appreach has to be
investigated, because of the engineering complexity of employing
magnetic divertors into a reactor. Radiation cooling by low-2
impurity is one of the simple non-divertor impurity-control schemes,
as was observed in this work, This methed, however, relies on using
low-Z limiter and wall, or by injecting suitable impurity gases in a
controlled fashion. Furthermore, the basic difficulty with this
approach is how to cool the plasma edge without cooling the plasma
core. Therefore, experimental investigation on the following problems
is necessary in a large device: 1) whether the radial transport and
recycling of impurity ions permit the desirable radiation cooling,
and 2) whether the production of low-Z impurity used as the first

wall and limiter materials can be suppressed below tolerable amount.
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APPENDIX

RADIATIVE COOLING CAPABILITIES OF CARBON, OXYGEN,
AND NEON IN THE OUTER EDGE OF A TOKAMAK PLASMA

A.1 Introduction

Low-Z impurities, which can be fully stripped in the plasma center
and present in partially stripped states in a peripheral region of the
tokamak plasma, cool the periphral region of the discharge with the
intense line radiation. Excessive cooling with high contamination level
of the low—-Z impurity causes the current channel to shrink, thereby leads
the discharge to poor energy-confinement states or disruptive ends.

On the contrary, in a controlled and then moderate contamination level,
this radiative cooling yields a favorable situation, because as cobserved

in many experiments, the cooling down of the outer edge plasma suppresses
significantly the production of metal impurity, which cause large radiation
loss power even in a central region of the discharge of several keV.
Therefore, in future large tokamaks, where plasma-wall interaction becomes
much more serious, this situation may become one of the most promising
methods controlling the contamination level of metal impurities.

The radiative cooling capability due to a low-Z impurity in the outer
edge of tokamak plasma was recently evaluated by Breton et al.[l], using
a rather simple impurity diffusion model. Assuming constant inward and
outward diffusion velocities, they calculate the radiation power by oxygen
impurity in TFR tokamak. This tranmsport model, however, is a rather crude
one: the incoming impurities diffuse inward up to the center and then dif-
fuse outward to the surface of the discharge. As a result this causes the
large radiation power that cannot explain the whole energy balance of the
discharge([2].

In this Appendix, with the most probable diffusion model describing
the recyeling impurities, which was presented in Chapter 3, the radial
density distributioﬁs of individual ionization levels are calculated and
the resultant radiation loss power is evaluated in DIVA-sized tokamak,

As for the low-Z impurities, carbon, oxygen and neon are investigated.
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A.,2 Calculation of Radiation Loss

Number of efforts have been made to'evaluate the radiation power
emitted from various impurities in coronal equilibrium state. TFor example,
in Ref.[1], the authors calculated the ionization egquilibrium of an element
that is determined by the equations of steady state coronmal equilibrium.
The radiation loss was then calculated by adding the emission due to
bremsstrahlung, radiative and dielectronic recombination and line
radiation.

The present interest is the radiative cooling in the outer edge region
of tokamak plasma where the electron temperature is below few hundreds of
eV. In this region, the most important radiation mechanism is line radia-
tion due to partially stripped ions. As is presented for oxygen in Ref.[1],
the other mechanisms, i.e. radiative and dielectronic recombinations and
bremsstrahlung, are one or two order lower than the line radiation power.
Therefore we calculate the radiation power only of line radiation.

If n, is the density of the ion of charge Z {cm™?), the power density
P (Watts/em®) by line radiation of the ion is

P =1,6%x10""% nn T
T ezj

n, is the electron density in cm™

Eexj Sj .
3 and the summation in j is for all
transitions of the ion Z. It is assumed that the lines are emitted by
radiative deexcitation of the upper levels of transitions excited from the
ground state. Eex is the excitation energy in eV and §, is the excitation

3

rate coefficient, We use for Sj the following expression given by Mewe [3]

= -5 = -
Sj 1.58 x 10 — exp( Eex/Te) s
e

where Te is tEe elgctron temperature in eV, Sj the absorption oscillation
strength and g the average effective Gaunt factor. For the ionization
rate coefficients of an impurity ion, we use the expression proposed by
lotz [4]. The radiative and dielectronic recombination rate coefficients

are calculated by using the exprgssion given in Ref.[5] and [6].

We first calculate coronal equilibrium states, and using the results
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of fractional abundances, calculate radiation losses as a function of the
electron temperature. As for the line radiation power, the transitions
in the calculation are similar to those by Breton et al.{l], which are
shown in the table. .Eex and f are taken from the NBS table.

In Fig.l, the ratios, P/ne-nz, are shown for carbon, oxygen and neon
g as a function of the electrom temperature. Also the same relation given
by Tarter [7] for oxygen is shown in the same figure. In these curves,
maxima in the lower side of the electron temperature correspond to regions

in which transitions among levels having the same principal quantum number

| are strongly excited. The minima in the curves occur when closed shell
configurations are predominant (helium-like state), so that the ion canmot
be excited at that temperature, On the higher side of electron temperature,

" there are small maxima due to excitation of ls-np tramsitions. As is
shown in Ref.[1], at higher temperatures, the centribution by dielectronic
recombination and bremsstrahlung is no negligible. The corresponding
deviations from the results of Tarter is found in the present calculation
at high temperature. However, on the lower side of temperature, Tarter's

result and ours are in agreement.
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Fig.l Line radiation power from carbon, oxygen and neon at coronal
equilibrium as a function of the electron temperature Te'
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TABLE
The Transitions Included in the Calculations
Transitions Transitions
Iso. el. seq. Configurations Terms Iso. el. seq. Configurations Terms
H 1s -2s ?g-?3 Be 28 -2s2p 1g-1p
1ls -2p 2g-2p 252 -2s83s 1g-1g
1s -3s 2g-2g 252 -2s3p 1s-1p
1s -3p 2g-2p . 2s? -2s83d 1s-1p
1s -3d 2g-2p 2s?  -282p 1g_3p
1s -4s ?5-25 28  -2s3s 15-3s
1s —-4p _ZS—2P 2s? -283p lg-3%p
1s -4d 25-?p 2s®  -283d 15-3s
He 1s2-1s2s lg-1g B 2s22p-2s2p? 2p-2p
192—132p 1g-1p Zp-Zg
1s®-1s3s ls-1s 2p-?p
1s%-1s3p 1g-1p
1s%-1s3d 's-1p
1s%-1s2s ls-%g c 2822p?-252p° Sp_3p
1s?-1s2p lg.3p 3p_3g
1s?-1s3s 's-3s -3
1s%-1s3p ls-3p '
1s%-1s3d 1s-°p
N 2522p3~232ph bg-tp
Li 25 -2p 2g-%p
2s -3s 2523 0 2s%2p*~252p°® 3p-3p
2s -3p Zg-2p
2s -3d 2s-%D
F 25*2p°-2s52p° ?p-25
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A.3 Radiative Cooling in the Outer Edge

due to Recycling Impurities

A.3.1 Calculation of the Radial Density Distribution of Impurity lons

To study the radiative cooling in the outer edge of a tokamak plasma,
we treat the case of DIVA discharge in the toroidal field 20 kG, the
plasma current 40 kA, and the average electron density 3~4 X 101% em™3,

To evaluate the radial distributions of radiation power, calculation
of the radial density distributions of individual ionization levels is
necessary. We calculate them with a radial transport model that have
yielded good fit to the experimentally observed transient radial diffusion
of pulsively injected carbon ions presented in Chapter 3. That is, the
transport of impurity ion is described by necclasgical diffusion superposed
by anomalous diffusion for protons.

Figure 2 shows the model plasma for radial profiles of electron and
ion temperatures. In the present calculations, the electron and ion tem-
peratures are constant with time and the radial density distributions of
protons and total impurity icns are initially parabolic. The initial
ionization population is determined as a coronal equilibrium state of the
electron temperature of 30 eV. Energies of the incoming neutral hydrogen

and impurity atom are taken as 10 eV.

DIVA 20KG
MODEL PLASMA |

T

700

600

{eV)

500
Fig.2 Electron and ion temperature 400
profile, T , Ti, used in the calcu-

lation. - 300

TEMPERATURE

200

100
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For the anomalous diffusion coefficient Da’ we apply the same expres-—
sion as is used in Chapter 3. We take 200 for C in that expression, and
in the region where gq < 1, the value is multiplied by & factor of 5 to

simulate the enhanced diffusion due to the sawtooth oscillation.
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L5 ' {15
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s % k. ?g
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s
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Fig.3 Computed results of the ~ 1.0%0
radial density distribution of B =
iridividual ionization levels; (a) | ~
carbon, (b) oxygen, (c) neon. For % Ef,
Neon, our treatment is limited up Z25 Z
to the He-l1{ke state, and the los
ionization levels below N_IV are
omitted in the figure.
00 TOO
r (cm)
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Figure 3 shows calculated radial density distributions of individual
ionization levels, which are almost in steady state. In the three re-
spective species, we assume a contamination 3 7 the total number of
protons. Calculated results for the three species show that the particle
confinement time of protons and impurity ions are 1.6-1.8 msec and 1.-3.9
msec respectively. As indicated in the figure, carbon and oxygen are
dominantly in fully ionized state in the central region of the discharge,
and in partially ionized states below lithium-like state in the outer
edge region.

The calculation code used takes into account up to the ninth ioniza-
tion level, so that for neon, the treatment is up to helium—~like state,
NeIX. The results show that the self-spreading anomalous diffusion gives
relatively broad radial density profiles, compared with those by Breton

et al.

A.3.2 Radiative Cooling

Figure 4 shows calculated radial distributions of radiation power.
The intense radiation is caused by partially stripped ions below lithium-
like state present in the outer edge although the population and the
electron density are rather small. Therefore, width of the intense radia-
tion is determined by ionization energy of lithium-like state for a given
radial electron temperature profile. The ionization energy of the

lithium-1like state is 239 eV for neon, 138 eV for oxygen, and 64 eV for

TOTAL
C - 17 KW
0 -33 KW
=T Ne-sakwW

Fig.4 Typical electron density
nrofile, n_ and radial power
disrri*hutions radiated as line
radiation for three low-Z species.

Ne ( x 10" cm?®)

RADIATION POWER (W/cm?)
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carbon, so that for a given electron temperature profile, neon has the
largest width. Since the total radiation power is attributed mainly to
that from the outer edge regiom, the results show that neon emits the
largest power: 64 kW for neon, 33 kW for oxygen and 17 kW for carbon.

In Fig. 5 for oxygen, the width of intense radiative cooling is shown
for three different electron temperature profiles, narrow (a) to broad (c).
The results show that the existence of lithium-like state is limited in
the region of electron temperatures below about 150 eV.

Besides the results of width of the intense radiative cooling, it
should be noted that, in the present transport model, the narrow radial
profile of electron temperature gives poor confinement of the impurity

ions ((a) 2.3 msec, (b} 3.2 msec, (c¢) 4.1 msec) and causes more intense

recycling.
Enhancement of the incoming flux of neutral impurity atoms due to
the poor confinement of impurity ions results in increase of the partially

stripped ions below lithium-like state leading to rize of the radiation

power, ©On the other hand, good confinement provides the opposite situa-

tion, i.e. reduction of the radiation power in the ocuter edge region.
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A.3.3 Comparison in Impurity Radiation between Coronal and Non-Coronal
Calculations '
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0.8 ;
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Fig.6 Radial distributions of
radiation power from recycling
impurities and from impurities
of coronal equilibrium( Tarter )
for oxygen. Ionization loss

is also shown.

LOSS POWER (W/cm?®)

Figure 6 shows the comparison of the present computational result and
the coronal calculation given by Tarter in the radial profile of the radia-
tion power, The latter is calculated by using the radial distribution
of total ionization levels and of electron temperature. Due to the strong
recycling in the peripheral region, the impurity ions are in lower iomnized
levels than coronal equilibrium state, so that the computed result yields
a radiation power in a factor of 20 larger in maximum than predicted for
the coronal equilibrium state.

To evaluate the actual cooling effect by low-Z'impurity, the ioniza-
tion less must also be considered., Incoming neutral impurities are sud-
denly ionized in the outer edge region, and successive ionizations continue
while the ions diffuse inward or outward in the discharge. Furthermore
the stripped electrons are thermalized up to local electron temperature.
Thus the local power loss, Pi’ due to the ionization pf impurity ions is

expressed as

311 W)

- -19
P, 1.6 x 10 n, i n S [Eion 5

1 Zz ion

where S, and E on @re the ionization rate coefficient and the ioniza-

tion potential in eV resﬁectively. In Fig. 6, the calculated radial
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distribution of ionization loss for oxygen is shown. The total power is

5.7 kW, which is 17 % of the line radiation power.
A.4 Conclusion

Radiative cooling capabilities of three species of low-Z impuricy,
i.e. C, 0 and Ne have been shown in DIVA-sized tokamak. With the most
probable diffusion model (neoclassical diffusion superposed by anomalous
diffusion for protons) of recycling impurities in a tokamak plasma, the
radial density distributions of individual ionization levels were cal-
culated and using the results, the line radiation loss power was evaluated.

Impurities recyecling from and to the wall deviate from the local
coronal equilibrium state, thereby yield a radiation power which is larger
by a facteor of about 20 than estimated from the coronal equilibrium state
in the outer edge of the discharge. Width of this intensive cooling laver
is governed by the ionization energy of lithium-like state of the impurity,

g0 that neon gives the largest layer with the highest radiation intensity.
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