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FOREWORD

The impurity control plays an outstandingly important role in the
production of high temperature plasma when the plasma-surface interaction
generates huge amount of impurities from surfaces. This flow of impurities
will exert severe influences on plasma confinement performance and has to be
well controlled. The critical issues of the impurity control should be
understood with well-balanced developments both in plasma physics and in
technology associated with heat and particle removal. In order to provide an
international forum to review and discuss the status and the progress made up
to 1989 in programmes related to impurity control, the International Atomic
Energy Agency organized the Technical Committee Meeting on Impurity Control at
the Naka Fusion Research Establishment, JAERI, Japan, 13-15 February 1989.
The Agency is grateful to the Government of Japan and the JAERI authorities
for their hospitality and efficient arrangements. Thirty experts from the
USA, USSR, CEC, FRG, and Japan attended the meeting. A total of 24
presentations were given under the following problematic items: scrape-off
plasma parameters, behaviours of impurities, heat and particle fluxes to
plates and walls, helium ash exhaust, impurity controlability, erosion of
first wall and materials for tokamak facing components.

This volume contains the papers presented at the meeting which are
reproduced directly from the authors. Such proceedings would be expected to
essentially help in giving directions for future fusion R & D and technology
programmes.
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SUMMARY REPORT

K. ITOH
National Institute for Fusion Science

Nagoya, Japan

1. Introduction
The importance of impurity control has recently been widely recognized in

connection with the design study of reactor plasmas. The key issue of the
plasma performance is the energy confinement time, the requirements for which
depends strongly on the level of impurity contamination. Impurities reduce
the fusion output through dilution of the ion density for given electron
density, which is usually constrained either by the density limit or the
ß-limit. In addition, the radiation loss can play a major role in the
energy balance if impurities are accumulated in the core. Besides these
direct effects of impurities on the reactor conditions, the behaviour of
impurities also has relations with regimes of improved confinement such as
H-mode in tokamaks. The issues of impurity control cover a very wide range of
physics and engineering, as is seen from the variety of topics presented in
this technical committee meeting. As a first step in the approach of impurity
control, the following four points are considered to be the primary issues.

Firstly, the target of the control must be clarified quantitatively.
Secondly, a proper modelling of the plasma response associated with the
impurity problem must be developed. Thirdly, the knowledge of the elementary
processes must be established for the parameter regime of interest. Finally
effective methods to achieve the request must be developed based on the proper
modelling of the processes. The present knowledge on the processes associated
with impurity problems is far from satisfactory. The presentations in this
technical committee meeting (TCM) cover a wide range of topics, and this
meeting stimulates to initiate the construction of an overall and consistent
picture of the impurity problems. The solution will be found based on the
proper understanding.

The number of presentations is as follows. ITER presented two papers,
summarizing the conditions of the target plasma and the requirements for the
impurity control. Sixteen papers are devoted to tokamak experiments,
including three large tokamaks and middle-size tokamaks. These data show the
plasma behaviour in the Scrape-Off Layer (SOL) and divertor regions as well as
phenomena in the core plasma associated with impurities. One of the major
problems is the control of the plasma wall interaction. Two papers discuss
about the basic processes on the material facing to the plasma. Four papers
are mainly dealing with the results of the theoretical work on the physics
modelling and innovations. The presentations in this meeting will be reviewed
in three summaries^). This summary report puts the emphasis on a review of
the presentations on the physics modelling of the over-all plasma behaviour.
A few papers are devoted to describe the Improved Divertor Confinement (IDC)
regime of 3T-6Q2). The phenomena associated with IDC will be treated in
other summary reports. The presentations on the ITER (Sugihara and Kuroda)
themselves are the review of the requirements for control, therefore this
review does not reproduce the requirements for impurity control in ITER.



2. Review of Physics Processes to Determine Impurity Level
The objective of the impurity control is to reduce the impurity level in

the core plasma, and suppress it to a favourable level in the SOL and divertor
regime. The impurity density m in the core plasma may be written in the
form as

2
4ir aR (1)

where a is the minor radius, R is the major radius, Vp is the plasma volume,
ft is the rate of the impurity yield on the chamber, tisc is the
coefficient of screening by SOL and divertor regime (0<nsc<l ^s satisfied
and nsc=l if the screening is perfect), and TI is the confinement time
of impurities.

Many processes are involved in determining the terms in Eq . ( l ) . Figure 1
illustrates the areas of the plasma and wall involved, each of them has
characteristic processes and key parameters. Table 1 summarizes the
elementary processes associated with (1) impurity source (2) screening and
(3) confinement. Physics processes on various locations on the wall and the
key plasma parameter related to the process are listed. This plasma parameter
also depends on the characteristics of the main plasma. The table indicates
the relation between the main plasma conditions and the elementary processes
associated with the impurity problems. In the following, the presentations in
the meeting are reviewed from the impurity source to the core confinement.

Fig.l Schematic drawing of the poloidal cross section. Region

1 is the core plasma, 2 is the boundary plasma where

neutrals can penetrate, 3 is the SOL plasma and 4

denotes the divertor plasma. Region a on the wall is

the divertor plate, b denotes the wall and c denotes

structures such as antenna.



TABLE 1.

PROCESS
Impurity
Source

Elementary
Process
Sputtering
CX neutral (b)
Charged particle
Accelerated
by sheath potential

(a,b,c)
Sublimation (a)
Evaporation (a)

Related
Plasma Parameter

T., n0 (2)
T , T , n . (3)
nonthermal
component
T T , n , n , J, (4)
G u. J. £

History of discharge

Main Plasma
Characteristics

high edge T with
Ion n , high n.

P .T „ to SOLout' out
(T , T , n, P)P '••
e.g. rf power
Disruption /
Run-away particles

Screening lonization
Driven-flow
to/from divertor

, T , n , n , J, Ratio of T /T_P
L- vs H- mode
edge pedestal

Confinement Diffusion
Pinch
Inverse sawtooth

T, n, nz> <j>(r,6), (1) Density profile
peaked/broad

MHD activity

3. Impurity Source
One deterministic way to control the impurity contamination is to reduce

the impurity source from the wall. To evaluate the rate of the impurity
source, a data base of the yield is essential. The major factor determining
the impurity yields include the processes of physical and chemical sputtering,
radiation enhanced sublimation and so on. Characteristic parameters are
(1) plate material, (2) plate temperature and states of absorbed atoms and
(3) velocity of incoming particles. There is in principle freedoms of choice
of the wall materials, but the choice usually imposes a trade-off. The
condition (2) indicates the importance of the history of the discharge. The
condition (3) puts constraints on the plasma parameters facing the wall, thus
giving requirements for the main plasma discharge.

Covering the wall by the low-Z materials is known to be effective to
reduce metal impurities. In this meeting, status of the boronization is
reported in detail by Vietzke. The application of the boronization to the
TEXTOR tokamak demonstrates its usefulness for the reduction of the Oxygen
impurity (see Fig. 2). The comparison of the residual gas pressure of CO
between carbonization and boronization highlights the effects of the
boronization for the suppression of Oxygen. This reduction of Oxygen may be
related to the improvement of the ICRF plasma by the boronization in TEXTOR.
The chemical erosion is also suppressed. The basic research on the material
test has shown that the boronization with higher B-content (about 80 atomic %)
can also reduce the radiation enhanced sublimation. The operational
temperature of the wall is extended to higher values.
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Fig.2 Residual gas pressure of CO in TEXTOR after
carbonization and boronization (after Vietzke).
Noticiable reduction is observed.

The sputtering yield is strongly affected by the nonthermal component of
incident particles. Pozharov reports the calculation on the effect of the
deformation of ion distribution due to the sheath potential. Substantial
enhancement is reported both for the heavy metals and carbon.

Abundance of impurities in the case of ICRF heating is widely known.
Y. Ogawa reports on the effort to reduce the impurity yield by antenna phasing
in JIPP-TI1U. The result seems to confirm the previous expérimental results
on JFT-2M and a theoretical model.3)

Changes of the wall of JT-60 after operations is reported (Ando).
Impurity production in the case of abnormal operation such as disruptions is a
problem from the view point of controlling the wall conditions.

Based on the basic research on the impurity yield, it is now possible to
predict the impurity source from the wall, Ti, if the plasma parameter and
neutral density in regions 2 to 4 in Fig. 1 are known, at least under the
normal operation condition. The question how the plasma parameters in these
regions are determined is answered by studying the plasma response in the SOL
and divertor region.

4. Screening of Impurities
The screening and penetration of impurites are studied by analytical and

numerical methods.
Igitkhanov reports on the analysis of the impurity behaviour using a

one-dimensional model along the field line and a fluid model for the plasma.
Calculating the thermal force effect on impurities, he finds an approximate
formula of impurity distribution

n. (2)

10



where

k = -l -H* (e l zeff

and

_ "convectionn = ———————
^conduction (4)

In this formula the average value Z 2 is defined as Ẑ
(where k stands for the charged state), and coefficients a, ß and €2 are
numerical coefficients of the order of unity. It is found that the parameter
n, i.e., the ratio of the convective heat flux to the conductive heat, flux,
is important. Figure 3 shows the schematic drawing of the impurity
distribution near the divertor. If r\ »1 is satisfied within the distance
of the ionization mean free path of impurities measured from the divertor
plate, the confinement of impurity near the divertor is good.

SOL X,imfp

Fig.3 Schematic profile of impurity along the field line near
divertor plate. The profile index k is negative near
the plate (i.e., impurity is rich in the colder
region), but can be positive far froai the plate where
T)<1. The value of >? at the distance of the ionization
mean free path is the key parameter.

11



This impurity behaviour in the SOL region is studied by using the
two-dimensional numerical simulation code (UKDA code). S.-I. Itoh reports the
example of the carbon flow in the reactor grade plasma, showing that carbon
penetrates to the SOL region and the impurity density is high in the regime
where the plasma temperature is high (Fig. 4). This example illustrates the
difficulty of the effective screening of impurity in the divertor plasma.
Therefore it seems that the need to reduce the source is inevitable to achieve
a reduction of the impurity influx to the core.

Fig.4 Impurity distribution in the SOL regime for the case of
reactor grade plasma. Carbon ions penetrate to the
region of high temperature (after S.-I. Itoh).

5. Connection between SOL/Divertor and Core Plasma Parameters
The requirements for reduction of the impurity source and enchancement of

impurity screening put constraints on the plasma parameter near the material.
There are other constraints on the core plasma, say fusion Q-value and so on.
To verify the mutual consistency of the requirements for the divertor plasma
and core plasma, the relation between the plasma parameters in SOL and
divertor regime and those in core must be clarified.

Extensive observations on JET (de Kock) and on JFT-2M (Shoji) are
reported about the plasma distribution in the SOL/divertor region. The heat
deposition on the divertor plate is also reported on JT-60 (Itami). Figures 5
and 6 show the distribution of the parameters in front of the divertor plate
in the open divertor configuration of JET and JFT-2M. Figures 5 and 6 show
the cases where the X-point is in the direction of the ion V B-drift.
Preferential heat flow is found in the outside torus, associated with narrow
heat channel. This is consistent with the model that the parallel thermal
conductivity increases with temperature. This is also noted that there is the
plasma current along the field line. This current is considered to be driven

12
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Fig.5 Distribution of plasma parameter in front of divertor
plate in JET (after de Kocfc). Asymmetry of temperature
and associated plasma current are shown. A small inward
( to smaller R ) shift of the profile is observed in
the case of additional heating (H-mode).
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Fig.6 Profiles of temperature and potential in the divertor

plasma of JFT-2M (after Shoji). Higher temperature

(outside) is associated with higher potential. This

potential difference can generate the parallel current,

the direction of which is the same as in JET.

by the temperature difference. JFT-2M confirms that space potential is higher
in the outside divertor (potential difference is approximately 20V) . JET
shows that the current is directed from the outside divertor to the inside
divertor. This current changes the heat transmission coefficient as well as
the sheath potential4). These quantities are key parameters for the
impurity source and screening. The further discussion is made in connection
with innovations in section 7. The boundary plasma parameters are arranged
according to the heating power and core plasma density. Examples are given in
Figs. 7 and 8. Further experimental study would be necessary to evaluate the
fpower and particle fluxes flowing out to the SOL region.

A theoretical study is reported by S.-I. Itoh. The two-dimensional
plasma distribution is given by use of the numerical simulation code, the
heat flux is given as

q = -
(5)

where Bohm-like form of xt is employed. x|j and XA are
evaluated by the classical values. The experimental study has confirmed that
the parameter dependence of x t is not far from Bohm^). In this
calculations, the power and particle fluxes from the core plasma, P and F,

14
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Fig.7 Carbon influx, radiation loss, edge density n,, (a) and
averaged density as functions of heating power in JET
(after de Kock). The relation n̂  (a)cc A,,nf is compared
to this experimental result in Ref.(4). The result
suggests that £„ is an increasing function of heating
power. See also Table 2.

are treated as para-meters. The scaling of the edge plasma parameters and
divertor plasma parameters are given as functions of P and F. Table 2
summarizes the scaling laws. This result provides the hasic information to
obtain consistency between the core confinement and plasma conditions in the
divertor. The important points of the two-dimensional analysis are the
evaluation of the thickness of the profiles of the heat, the temperature and
density, as well as on the motion of neutral particles in realistic
configurations. It is noted that the pressure balance along the field line,
which is usually employed in the one-dimensional analysis, is not always
simply given as nT)b=2nT)d. This is because the charge exchange collisions
remove the momentum and the perpendicular diffusion of momentum also takes
place.

The origin of the anomalous transport in the SOL region needs
investigation. Ohtsuka reports the observation of a r.onvective cell in the
SOL region of JFT-2M. Interaction with the material limiter causes the charge
separation. Asymmetry of Ho and its dependence on the directions of the
plasma current are studied and the convective cell formation is inferred. The
potential difference caused by the ICRF heating is also shown.

Comparison with the theoretical modelling and the observation is
necessary. Qualitative agreement is obtained such as the in and out asymmetry
of the divertor plasma temperature. However, quantitative agreement is not
easily obtained. The experimental data are arranged in terms of the heating
power and density, while models employ parameters P and F. The missing link

15
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Fig.8 Dependences of n,j and Ted on the main plasma density

for various values of heating power in JFT-2M (after
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TABLE 2.
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is the knowledge on the particle confinement time and the power lost by the
radiation and charge exchange. Further study must be performed in this
direction, in order to establish the relation of the core plasma and
SOL/divertor plasmas.

6. Confinement in the Core Plasma
Many data are reported for the confinement of impurities in the core

plasma. The understanding is, however, far from satisfactory, because many
processes are involved and basic quantities such as the rate coefficients are
not known completely.

Spatial distribution and the diffusivity of impurities are experimentally
studied enthusiastically. The reports cover the spectroscopic measurements on
the charge state distribution of intrinsic impurities (Bitter on TFTR, Ida on
PBX, H. Ogawa on JFT-2M); of impurities injected by laser ablation (Rowan on
TEXT, Peacock on JET); of impurities injected by laser ablation (Rowan on
TEXT, Peacock on JET); by plasma contact with wall (Sugie on JT-60; and ICRF
heating (Y. Ogawa, JIPP-TIIU).

The basic question is whether impurity confinement is different from that
of main ions. Figure 9 illustrates the spectra of irons near the half radius
of TFTR. The impurity transport code is applied to the data to fit the value
of diffusivity D. An estimated value of D/ ~ Im^/s is obtained. This
level of D is close to that of the main ions. The largest origin of
uncertainty is reported to be the ambiguity in the rate coefficients. The
spectral data is, at present, used to determine one scalar quantity, D/,
More abundant data on confinement, for instance Vin and radial profiles of
vin an̂  D/> roay be extracted from these data. Measurements of PBX reveal
that the accumulation of impurities, which is often observed in the H-mode
discharges and is considered to be an obstacle to sustain the stationary
H-mode, is also seen in the L-mode and that the accumulation is not related to
the appearance of the H-mode, but to the peaking of the electron density
profile. Figure 10 shows the peaking parameter of (Zeff-n)ne, Cz, and
the relative peakedness of impurity distribution, C2/Cn. It is shown that
GZ does not differ much between H- and L-modes.

This correlation of impurity confinement and particle confinement of main
plasma is also confirmed in other tokamaks. TEXT reports that the increment
of D/ can be caused near the plasma boundary by ECH and that this phenomena
is associated with the reduction of Tp. Peaking of Tixx is observed
in the improved-L-mode of JFT-2M, where Tp is improved. Ogawa also
reports on JFT-2M that the enhancement of Tg in the D plasma compared to H
plasma in the H-mode may be attributed to the difference of Tp.

Difference between impurity confinement and that of the main plasma is
also reported. The most dramatic one is the inverse sawtooth of JET, in which
impurities seem to pinch into the plasma center at the onset of the sawtooth
crash (Peacock). JET also reports that impurities sometimes obey the
neoclassical prediction, and that pinch velocity sometimes has a different
radial distribution compared to that of main plasma.

Surveying these experimental observations, it is still not clear in what
situations impurities are transported in a different way and whether
itself affects the diffusion coefficients.

17



OO
10

os

r

o
Ci.

(a) Exp. Data: R w= 234 cm

(b) D = 0: SynlJielicSpectrum

(c) D = 2m2/s : Synth. Spectrum

20

g 10
O

I£

(s,t) (k,r)
S 6^
in

I

Exp. Data: R = 298 cm (d)

,D = 0 : Synthetic Spectrum (e)

D = 2nr/s : Synth. Spectrum (0

(s.i)
W X
l

J s P 1 2

00 ISO 200 250 300 350 100
CHANNEL NUMBERS

150 200 250 300
CHANNEL NUMBERS

2-

1 I-I

0-

o 2-

— Experimental
" Fit

(a)

"• Experiment*!
- Fit

(b)

'4-150 200 250 300
Major Radius (cm)

350

4-

\2~
^

0-

o -

D = 0

(d)
D=2mVs

10 —i—
20

'—i—
30

—I—
40 50 60

Minor Radius (cm)

Fig.9 Spectral lines obtained in TFTR at major radius of R=2.34m and R=2.9Sai. Temperature and density profiles
are also shovn. Constructed one-diixensional profile is given for the parameters of D=0 and 2m2/s (after Bitter).



i i i i i r T

10

o

• H - M o d e
o L - M o d e

• o
o

o o 0

o

o • o

J_

o o

CD *0

3 4 5
Z e f ( ( 0 )

l ! I T

• H - M o d e .
o L- Mode •

O O

o
CO

l \

a
O O

o o o o —

Fig.10

1 2 3 4 5 6 7 8
Z e f f ( O )

Peakedness parameter of impurity distribution.

(£..// -l)nc is fitted to the form of exp(-C?r2/a2)

(after Ida). Both H- and L-mode discharges give similar

values. The relative peakedness, Cj/Cn is shown, where

n« (r) is fitted to exp(-C,,r2/a2 ). Peaked impurity

distribution corresponds to the peaked electron density

distribution.

In experiments, several methods to control the core confinement are
reported: (1) central injection (such as pellet, (2) neutral gas puffing (PBX,
JIPP-TIIU), (3) ECH (TEXT), (4) bias on SOL plasma (Shimada on D-III-D). The
understanding of the physics basis of these phenomena requires further
intensive work. Several implications are discussed. One candidate to explain
the role of neutral gas puffing to prevent the peaking is the momentum loss by
the charge exchange. A model has been developed 6) to explain the improved
Ohmic discharge (IOC) in ASDEX?). In this model the role of the radial
electric field is emphasized. The observation of the TEXT plasma also
suggests the importance of the radial electric field. Figure 11 shows the
radial structure of the electrostatic potential and the change caused by ECH.
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As a result of the application of the ECH, the temperature and density also
change. However, the change of the radial electric field may have a larger
contribution. The particle flux is written in terms of the mobility as

ne e
n '
_n

eE
_JT

T'
=e T

(6)

The difference after ECH in n-/n is smaller than that in eEr/Te.
Further study is necessary to understand why the change of the peripheral
parameter causes the change of the core plasma. This would provide the basis
to explore an efficient method to control the impurities.

7. Innovations
Innovative experiments are also reported in this meeting. The generation

of an "Ergodic" region by the partial helical windings and its application to
TEXTOR are presented (Fuchs). It is noted that the helical structure remains
in the peripheral region, and is observed experimentally. Theoretical
analysis on the plasma profile confirms the residual structure.

Biasing the plasma boundary would be a new tool for the plasma control.
A limiter biasing experiment was reported and the improvement of Tp of the
main plasma is found (Shimada on D-III-D). This method suffers from an
enhanced impurity level, and the effect on Tg is not clear. Shimada also
discusses various processes which will occur then biasing the divertor plate.
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One effect is that the poloidal electric field can be used to control the
radial plasma flow. The enrichment of impurities near divertor plate is
suggested as a result of the divertor current. As is discussed in section 5,
the divertor current can affect the heat transmission coefficient and sheath
potential. The application of the theoretical studies is necessary in
evaluating the feasibility of these schemes. It is also noted that the
divertor current is observed even in present experiments as is shown in
Fig. 5. The evaluation of the present experiments may provide evidence.

The screening of impurity and ash compression become easier if we can
sustain the dense plasma near the divertor plate. Mirnov discusses a method
to sustain the screening plasma. Idea to separate helium from D/T and the
heat load on the pump are considered.

8. Conclusion
Based on the researches presented in the meeting, one can conclude that a

selfconsistent analysis can be initiated. From core through SOL/divertor to
wall, the key parameters can be selected. Figure 12 illustrates the
consistency analysis of the ITER plasma (S.-I. Itoh). The consistent region
with Q>5 is predicted if the energy confinement time obeys the optimistic

10
10

Fig. 12 Steady state operational region of ITER plasma.
Triangle AB'C' is the consistent regime for varoius
constraints, plasma current is 20MA and off-set linear
law (OT-law) for TE is used (after S.-I. Itoh).
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scaling law. It is also noted that the consistent region is surrounded by the
conditions of divertor plasma temperature, neutron flux density, and the
current drive efficiency.' The study on the impurity control is the key to
expand the consistent regime.

Many of the key quantities are not well known yet; for instance,
parameters such as Tg, Tp, t/ and x cannot yet be modelled.
Although these quantities are not understood well, the experimental data and
theoretical calculations have ripened such that the validity of the
assumptions in analysis can be tested. Further comparative study would
promote a better modelling of the plasma response.

In hearing the work presented in this meeting, one finds that the
impurity control requires investigations on the confinement, spectroscopy, and
plasma surface interactions. And it is noted that various different data
bases have been compiled in each area of these necessary investigations. The
integration of this knowledge is necessary, and seems possible. This IAEA TCM
has worked to initiate and stimulate the integration work for the impurity
control. It is also hoped that some of the innovative ideas will be realized
in the near future.
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EDGE PHENOMENA OF JFT-2M PLASMA
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Japan

Abstract

During these several years we have been looking for de-type ExB
convection to which we can attribute a cause of anomalous transport in the
tokamak edge region. We report here the present status of the research.
First, we show limiter induced convection. We observed that in the
plasma-limiter contact area there occurs convection of the plasma in the
radial direction. The mechanism that induce such convection is discussed.
Second, we show that fast wave (FW) injection modifies density pattern in the
edge. From the dependence on the magnetic field, we draw a mechanism that is
responsible for the production of such a flow pattern. Last, we present
plasma response in the scrape-off-layer to ICH injection. Floating potential
measurement shows it is very probable that ICH injection also produces
convection in the scrape-off-layer.

From those observations we draw conclusions putting an emphasis on
localized disturbance in the plasma.

During these several years we have been looking for de-
type ExB convection to which we can attribute a cause of
anomalous transport in the tokamak edge region. We report here
the present status of the research. First, we show limiter
induced convection. We observed that in the plasma-1imiter
contact area there occurs convection of the plasma In the radial
direction. The mechanism that induce such convection is
discussed. Second, we show that fast wave (FW) injection
modifies density pattern in the edge. From the dependence on the
magnetic field, we draw a mechanism that is responsible for the
production of such a flow pattern. Last, we present plasma
response in the scrape-off-layer to ICH injection. Floating
potential measurement shows it is very probable that ICH
injection also produces convection in the scrape-off-layer.
From those observations we draw conclusions putting an emphasis
on localized disturbance in the plasma.

.1. L i m 11 er I nduced convect I on
The observation has been made for ohmically heated plasma

using a cinecamera and Langmuir probes near the limiter.
Figure 1 shows emission patterns of plasma light around an inner
rail limiter. The difference in the operating condition between
(a) and (b) of Fig. 1 is the direction of the toroidal magnetic
field Bt. In (a), on the right hand side of the limiter, the
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(b)

Fig.1 Light emission pattern around the limiter. Difference in
operating condition between (a) and (b) is direction of toroidal
magnetic field. Dashed line indicates the position of the median
plane and L refers to the limiter.

lower half is brighter than the upper half and vice versa on the
left hand side; namely, the light emission takes place
anti-symmetrically with respect to the center of the limiter.
This pattern is reversed when the direction of Bt is reversed,
as shown (b). Furthermore, we got the same pattern change also
with the reversion of the direction of the plasma current.

The probe measurement is shown in Fig. 2 where (a) and (b)
correspond to those of Fjg.1, respectively. Those probes are
located on the right hand side of the limiter and on upper/lower
side of the median plane { designated by U/L ); that is, each
probe detects the plasma of the bright or dark region in Fig. 1.
We find that the probe saturation current in the bright region
is about 2 orders of magnitude larger than that in the dark
region. These observations indicate that radial convection takes
place near the limiter; the flow is directed from the plasma to
the wall in the bright region and vice versa.

(b)

0 200 400 6OO 8OO 0 20O
Time (ms)

4OO 6OO 8OO

Fig.2 Probe current Is of the upper/lower probe (designated U/L)
located near the limiter, where (a) and (b) correspond to those
of Fig.l, respectively.
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The phenomenon can be explained as follows. The key is the
charge separation due to blockage of drift motions of charged
particles by the limiter. The drift orbits of transit particles
shift inward or outward depending on the charge and the
direction of motion. Hence, in the piasma-1imiter contact area,
there exist directional ion and electron streams whose direction
is opposite with each other. The limiter blocks such streams and
causes charge separation along the orbits. Our interest is in
not such toroidal but poloidal direction. Because the plasma-
1imiter interaction is localized in the poloidal cross section,
poloidal electric fields are produced with the charge
separation. The direction of resulting ExB flows at given
polarity of Ip and Bt agrees with observed flow patterns. In the
multipole, similar phenomenon has been known as obstacle-
induced convection.

2) RF induced convection
Figure 3 shows behaviour of scrape off plasma with fast

wave (200 MHz) injection. The point is the different response
in the measured density to the FW injection. In Fig.3-(a) the
density at the probe position increases and that of Fig. 3-(b)
decreases clearly. Assembling those responses in several series
of experiment we found parameters which rule the rise or fall
as shown in Table I; those are the direction of the toroidal
magnetic field Bt and q (safety factor) value.
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Fig.3 Response in s-o-1 density (solid line) to FW injection
showing different response: rise (a) and fall (b). Difference
in operating condition between (a) and (b) is direction of
both toroidal and poloidal magnetic field.
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Table I. Parameters which determines rise/fall in density
at probe position.

Bt

Ip < 100 kA

Ip > 100 kA

CCW

rise

fall

CW

fall

rise

Assuming that the FW induces a particular potential near
the antenna we can see an agreement between so produced ExB
flows and the probe measurements. Figure 4 shows the model. We
assume that FW modifies the edge potential on the median plane
to be more positive, producing an poloidal electric field Ee
as shown by arrows in the figure. With a direction of Bt shown
in the figure, the resulting ExB flow above the median plane is
inward and below that the direction is outward. The rise or fall
in the probe signal is determined by the probe position. Since
the probe was located toroidally 90 ° apart from the antenna
and 10 cm below the median plane, the probe can detect each flow
depending on the q~value, i. e., the rotational transform of the
flow pattern. The q value which divides the response agrees with
that geometry. The physics of such potential formation is
unclear. It may not necessarily be FW. Anyway, some electrons
seems to be expelled from the small region by the wave.

©

ANTENNA PLASMA

Fig.4 Possible mechanism for the pattern formation. We assume
FW modifies potential in front of the antenna. Resulting ExB
flows are shown.

3 ) Response to ICH i n.iect i on
It is well known that ICH modifies much the scrape-off

plasma. In our results, floating potential Vf in the scrape-off
sometimes drops down to -200 V during ICH injection. Fig.5 shows
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10

7 cm from separatrix

500.0

1 cm from separatrix
100-0 MS/DIV 1000.0 MS

Fig.5 Floating potential at different radial position during ICH
phase obtained with a movable probe. Vertical scale is 10 V/div.

a difference of Vf between different radial positions, which was
got under a single null divertor configuration where the
dominant plasma-material interaction takes place on the divertor
plates. With an approach to the separatrix, the negative drop in
Vf reduced toward null level. This implies that such strong
disturbance by ICH is restricted within the scrape-off-layer. As
to the poloidal variation of potential we have only data from
small portion of the poloidal cross section. Figure 6 shows that.
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Fig.6 Floating potential variation in the vertical direction
from the outer wall probe. Separation between each upper,
center and lower probe is 12 cm. Vertical scale is 20 V/div.

Even within the small area, the potential varies clearly. Hence,
the production of ExB convection in the s-o-1 by also ICH has a
reality. Figure 7 shows response of electron density in the
s-o-1 to ICH injection, where we can see a clear difference in
the time variation. The operating conditions of the shots were
almost same except RF power; PR F=560 kW for (a) and 660 kW for
(b). In Fig. 7-(a), the density drop seems very much to relate
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Fig.7 Response of s-o-1 density (solid line) to ICH injection
showing fall (a) and rise (b) under almost the same operating
conditions. Floating potential near the probe of each shot is
shown in (c). Vertical scale is 40 V/div.

to H-transition but It doesn't in reality. Fig.7-(c) shows Vf of
those shots obtained near the probe. A difference can be also
found in the Vf. So, a possible explanation is that the flow
pattern in s-o-1 was changed by a change of the potential
distribution.

4) Discussion and Conclusion
Under the research subject of the de-type convective flow

we first tried to see plasma modulation with gas puffing by
using probe arrays around the gas hole; we expected particular
flow pattern around the hole induced by plasma cooling. However,
we failed to get any reliable change with gas injection. The
plasma density in the location seemed to be too low to get a
clear response. Hence the next object was the limiter where the
intense recycling takes place. The result is described in this
text. It turned out that the key mechanism of the convection is
not recycling but charge separation due to limiter-particle oroit
interaction. We consider that this does not claim that recycling
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has nothing to do with convection; in a very high density
discharge, localized recycling at the limiter would possibly
induce convective disturbance.

The multipole results predicted that if there occurs
inhomogeneous coupling of additional heating power with the
plasma, convection must induced by the resulting potential
difference. The FW case mentioned above has demonstrated as an
example. As to the ICH case, the physical reason why the plasma
is strongly affected is unclear. Anyway, radial convection of
the plasma due to ICH injection seems to be inevitable in the
scrape-off-layer. Usually we observe great increase of impurity
with ICH injection. It is probable that the convection enhances
much the impurity transport.

In conclusion, we have shown that de-type ExB convection,
which can be induced by various causes, exists and is probably
one of the dominant transport mechanisms in the edge region.

The operation group is very much acknowledged for their
reliable work.
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CURRENT DRIVE AND PARTICLE CONTROL
BY DIVERTOR BIASING*

M. SHIMADA1, R.D. STAMBAUGH, M.A. MAHDAVI,
M. SCHAFFER, G. STAEBLER, F. HINTON
General Atomics,
San Diego, California,
United States of America

Abstract

Uncontrollable density build-up and impurity accumulation are major
problems of ELM-free H-mode discharges. Here we discuss a possibility
of particle control by divertor bias. The idea is to electrically insulate
divertor plates and apply voltage between the divertor plates on inside
and those on outside. Current in the scrape-off layer flows along the field
line, which provides a simple non-inductive current drive. The resistive
drop will create poloidal electric field, which induce outward particle flux
when scrape-off layer current is in the direction of the plasma current.

1. Introduction
Non-inductive current drive is one of the crucial points in tokamak reactors,

since many engineering problems would be alleviated in a steady state reactor.
Many non-inductive current drive schemes are being investigated[l]. Some success
was reported with neutral beam injection, lower-hybrid wave. These experiments
as well as theoretical studies indicate, however, that the current drive efficiency is
rather low particularly in high density regime. Schemes of current drive by helicity
may provide superior current drive efficiency.

One of the problems of H-mode discharges is that improvement of energy
confinement mainly comes from increase in density. Central electron and ion
temperatures do not increase substantially after the L-H transition. We need to find
a scheme to suppress the density increase, which would increase temperature. The
other problem is that some divertor experiments(ASDEX[2], JET[3]) observe
impurity accumulation, which results in loss of H-mode state. Therefore we need
some method to control the impurity exhaust rate.

Differential Divertor Biasing was proposed by R. Stambaugh to improve
tokamak performance[4l in confinement and stability. In this paper, a current drive
scheme by dc helicity injection via differential divertor bias is discussed. This paper
also discusses the change of plasma parameter in the scrape-off/divertor plasma to
estimate the requirements on power supply and mechanical structure. In this
paper, we also discuss the possibility of controlling the particle flux at the separatrix
surface by differential divertor biasing, which would be useful for density control,
and impurity/ash removal. A possible experiment plan in DIIi-D will also be
presented.

* Work supported by the United States Department of Energy under contract DE-AC03-84ER51044.
1 Japan Atomic Energy Research Institute, Japan.
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2. Description of the Scheme
The idea is to float two rows of divertor plates from the vacuum vessel and

apply DC voltage across them(Figure 1). There are some other possible advantages
in this differential divertor bias in confinement and mhd stability, which were
discussed by R. Stambaugh[4]. DC current will flow helically along the field line in
the scrape-off layer. As this helical current has toroidal component, this method
provides a straightforward current drive.

Figure 1

One advantage of divertor configuration is that as toroidal current directly
induced at the edge is amplified by safety factor. In other words,

(Toroidal current at the edge) = (safety factor) x (poloidal current)

where poloidal current is the same as the divertor current. In the vicinity of the
separatrix surface, the safety factor diverges logarithmically. If we take divertor
current(poloidal current) of 30 kÂ, (which is within engineering feasibility), toroidal
current can be 300 kA for safety factor of =10. As the toroidal current diffuses in,
even higher current could be sustained non-inductively.

A crucial question is whether the driven current diffuses into the hot core
and provides rnhd-stable current profile when ohmic current drive is turned off.
Recent experiments by Ono et al. in CDX (PPPL) show very interesting results from
this viewpoint[5]. They could drive toroidal current without induction, via electron
beam injection from outside. The current profile measured by magnetic probe is
peaked at the center, although current source is provided at the plasma edge. The
centrally-peaked current profile can be explained only with strongly anomalous
inward pinch of the current density(the order of 10^ m/sec).

3. Model of the Scrape-off Layer
We treat here one-dimensional divertor/scrape-off geometry. The power and

particle flux are assumed to be equally distributed between two divertor channels.
The electron temperature of the edge plasma is given by heat conduction equation:
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where KQ and a0 are electron heat conductivity and electrical conductivity for 1 eV
plasma, T is electron temperature, x is the coordinate along the field line. x=0
corresponds to the separatrix point, x=L corresponds to the divertor plate. q0 is the
power flux density along the field line, originating from main plasma, qsoi is the
power flux density due to ohmic heating in the scrape-off layer around the main
plasma, j is current density.

qsoi is given by
:2

°~o
where Ts is the electron temperature at the separatrix, qmain is the safety factor of the
scrape-off layer around the main plasma.

The boundary condition is given by:
V"* /

where 7 is heat transmission coefficient at the sheath, e is electron charge, Td is
electron temperature at the sheath, FJ is total particle flux at the divertor plate, Qiot is
total heat flux on the divertor plate.

Qtot = Qo + Qbias ——————— (4)

where Q0 is the total power outflux from the main plasma, Qbias is the heating
power in the divertor and scrape-off plasma.

where R is major radius of the discharge, Bp and By are poloidal and toroidal field at
the divertor plate, and 6 is the scrape-off layer thickness.

__(6)
From eq. (3), we obtain

T _ QtOt

j2 f
With the assumption that q0 + qsoi »—I T~3/2dx , eq. (1) can be integrated, which

QJts
gives

~ '' __ _ _____ (Q\\OJ

where

BT -—— (9)
By substituting eqs. (2) and (8) into (9), we obtain

Pofa - q,) \1/2
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where

Diverior current

Ts = -——ai)
and bias voltage Vbias are given by

•ÜE5
BT -— (12)

Thus, for given Q0, and Qbias/ we obtain Td, Ts, Idiv and V

Major input parameters are listed in Table 1. Td/ Ts, Idiv arid Vbias were
calculated for two cases: L and H. Figure 2 shows Td/ Ts/ Idiv and Vbias for L-mode
case as a function of heating power by differential biasing. Figure 3 shows Td/ Ts/

Table 1

R
CJmain
Y

»PBT
S
L
Qo
rd

1.67
7
7
0.1
2.1
0.02
11.55
10(L), KH)
6xl023(L),6;

m
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m
MW
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Idiv and Vbias for H-mode case. In both cases, edge electron temperature does not
change significantly. Idiv/ Vbjas are in the range of 10-30 kA and 100-200 V, which is
within engineering feasibility. The voltage drop(=2Td)/ and the power consumed at
the sheath were not considered in this analysis, because it would not be a significant
correction. This calculation also suggests that significant toroidal currentd 00-900
kA) can be driven via differential bias, if we take into account the gain of current
due to high safety factor near the separatrix.

4. Estimation of Radial Particle Outflux
In the last chapter, changes of plasma parameters in the scrape-off/divertor

plasma was estimated by a simple fluid model. From this model, we obtained
divertor current Idiv and electron temperature Ts at the separatrix. The parallel
electric field in the scrape-off layer around the main plasma E// is:

=// GO ______ (14)

The perpendicular electric field in the main plasma scrape-off is then given by:

E =
______ (15)

This perpendicular electric field will make radial particle flux F£, which is given by:

is plasma density in the scrape-off layer), which means that when differential
bias is applied so that induced current is the same as plasma current(forward drive),
the induced particle flux is radially outward, and when induced toroidal current is
opposite to the plasma current(backward drive), the induced particle flux in radially
inward.

The results of the calculation are shown in Fig. 4 for L-mode and in Fig. 5 for
H-mode. The level of particle flux change estimated is comparable to the particle
flux without bias. Assumptions for the calculations are listed in Table 1 Particle
confinement times are assumed to be 80 msec for L-mode and 800 msec for H-mode.
Edge density of IxlO13 cm"3 was also assumed. These figures show that we can
modify the particle flux across the separatrix significantly. When the current is
driven in the same direction of the plasma current(forward drive), particle flux is
enhanced. This may be useful in controlling the density build-up and impurity
build-up during H-mode, which would result in higher plasma temperatures. This
feature therefore negates the ash exhaust problems with H-mode in burning
plasmas. However, if the particle flux becomes excessive, particle flux enhancement
would probably result in deterioration of confinement and eventually loss of H-
mode state. On the other hand, if the scrape-off layer current is driven in the
opposite direction of plasma current(counter drive), particle flux decreases, and it
may be possible to even reverse the particle flow. This would be useful in
improving H mode accessibility, and in improving energy confinement. However,
excessive particle build-up may induce radiation problems.
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5. Summary
In addition to possibilities of enhancing energy confinement and mhd

stabilization, differential divertor biasing will provide a very simple scheme of non-
inductive current drive and a very powerful tool to modify and control the edge
parameter and particle flux, which will be very useful in understanding
confinement physics and improving tokamak performance.
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Abstract

Scrape-off plasma parameters in RF heated JET discharges are reported.
At very high additional heating power it is observed that a strongly increased
carbon influx can occur leading to a sharp decrease of the measured DD neutron
reaction rate. This paper describes also the progress made in studying wall
pumping and recycling.

1. Introduction
In JET the scrape-off layer (SOL) of Ohmic plasmas has been extensively
studied and scaling laws with the parameters of the main plasma have been
established [1]. Using this scaling and modelling [2] impurity
concentrations can be approximately predicted for limiter plasmas.
In this paper we report on SOL measurements in RF heated limiter discharges
and in X-point plasmas, which ultimately will be used to gain insight into
the impurity production and transport. At present the study of impurity
production in RF discharges is in its preliminary stages; in X-point
discharges no consistent measurements are yet available.
At very high additional heating power (> 10 MW) it is observed that a
strongly increased carbon influx rc/rD can occur leading to a sharpdecrease of the measured DD neutron reaction rate. This occurs for all
modes of operation but at different power levels. The preliminary evidence
is that this phenomenon is correlated with areas of the limiter or inner
wall reaching very high surface temperatures. This could lead to
sublimation or other mechanisms bringing the effective sputter yield above
1 causing a runaway condition for the carbon influx. Details will be shown
for limiter and inner wall additionally heated discharges.
Wall pumping has been used widely as a means to control the density
increase especially during MB heating of inner wall discharges. It is
important to distinguish between pumping effects obtained by He
conditioning in GDC or tokamak discharges where the near surface layer has
be an endepleted from deuterium (leading to a strong pumping effect that
saturates) [3] and the pumping observed when plasma is moved from the
limiter to the inner wall (not saturable) [4]. This paper describes
briefly progress made in the explanation for the latter effect.
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2. The „Parameters of the SOL in RF Heated and X-Point Discharges
SOL parameters in RF heated discharges are obtained by Langmuir probes
mounted in the belt limiters or alternatively by means of a fast
reciprocating probe near the top of the plasma scanning the SOL in 400 ras.
A typical example of such a measurement is shown in figure 1 for a
discharge in a well conditioned vessel wall, where the density rise is
related to the RF power and a steady state is obtained during the RF pulse.
It can be seen -that both edge density, ne(a) and edge temperature, Te(a)rise. Mostly the rise in Te(a) is moderate and not very dependent on RFpower while the rise in ne(a) depends strongly on RF power. However the
e-folding length A_ remains unchanged while Arp increases. The latter is
attributed to the direct deposition of RF power in the SOL, depending on
antenna phasing [5]. In a series of discharges with fixed plasma current
and variable RF power the scaling of the various SOL parameters has been
obtained as well as the influx of carbon from the belt limiters which is
the main impurity source (figure 2} [6]. A CCD camera with a narrow band
filter has been used for the carbon influx measurements. Since the edge
temperature remains roughly constant in this series Te(a) ~ 55 ëV thecarbon flux is directly related to the SOL density through the
approximately constant sputtering yield. There was no external gas puff
during these experiments. The time dependence of the SOL parameters is
obtained form the probes in the belt limiters while profile information is
from the reciprocating probe. The global balance/transport model [2]
predicts an approximate scaling Te(a) a P^6/<ne>1>7 (for fixed Vs) and sothis scaling has been tested on the same data set, valid for dominant
contact with one belt limiter. A good fit has been found with Te(a) ap!nV<ne>2 confirming the model [7].
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Similar scaling studies on X-point plasmas are not yet available, however
for a limited number of cases some measurements are available and presented,
as an example. Eight single Langmuir probes are mounted in one of the 32
bands of graphite target tiles on top of the machine. Measurements of n
and Te at two different times (in OH and H-mode condition) are presentedeinfigure 3 for i_ = 4.6 MA and Pm = 14 m [8]. îhere are no dramatic
differences between these two phases. However, it is observed that as the
stored energy increases during the change from OH to L- to H-mode, the
magnetic configuration shifts to smaller R. Figure 4 shows the change of
ne between L and H phases, which has been confirmed by observation with aCCD video camera. From the measurements it is concluded that IL at the
outer separatrix is higher than at the inner one, which must lead to net
currents (also shown in Figure 3). From a few measurements with the
reciprocating probe, providing SOL parameters at the electron and ion side,
indications are found for flow reversal in the SOL [9]. The impurity
content in X-point discharges and indicated by measurements of Z
(bremsstrahlung) is not significantly different f ran. other typesof
discharges. However, there are indications that in H-mode conditions heavy(Ni) impurities accumulate in the centre [103.
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Pig 3: A characteristicmeasurement of plasma parametersalong the poloidal contour of the
target plates by means of Langmuir
probes. Shown are: ru, f power
flux, net current in OH ana H-modeand Da (fron CCD camera) in H-inode.

P2 P3 P4 P5 P6 P7 P8
Probe location on target tiles

39



x10"

200 400
Probe position, parallel lo We surface Imm)

Fig 4: Temporal behaviour of
the SOL density at the
transition f rcm L- to H-mode
as measured on the target
plates.

3. Increased Carbon Influxes, at.High Additional Heating Power
For the highest levels (> 10 MW) of additional heating sudden increases in
radiated power, correlated with high influxes of carbon have been reported
earlier in TFTR [11] and are also observed in JET. They occur in all
configurations: limiter, inner wall and X-point discharges at high but
different power levels. In these discharges, which are optimised for the
highest DD-neutron reaction rate, the rate drops dramatically mostly at a
time = 1 sec into the heating pulse. This could be due to the dilution or
a reduced beam penetration.
Two examples are shown: one with the plasma at the inner wall with high NB
heating and one with the plasma at the belt limiters with a combination of
RF and NB heating (a continuation of the series discussed before).
Figure 5 shows a 3 MA. inner wall plasma with 18 MW NB heating power. At
10.75 sec a sudden increase in GUI from the inner wall is related to the
collapse of the DD neutron rate. However from charge exchange
recombination spectroscopy it can be seen that the central area has a low
relative carbon concentration. The cause is thought to be related to
excessive heating at the irregularities on the inner wall where the octant
joint tiles were found to be sticking cut by up to 10 mm. The tiles are
suspected (from damage) to have reached temperatures in excess of 2000°C
where the combined sputtering and self-sputtering exceeds a yield of 1.
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The RF and NB heated limiter discharge (Figure 6) has been diagnosed in
some detail. The intensity of the CUT line shows a sudden increase at t =
49 s marked by * when evidence form the CCD camera shows brightly glowing
(> 1600°C) edges of the belt limiter tiles. There is no excessive rise in
edge temperature at the tine of the sudden carbon influx. It is especially
clear fran the video images that the plasma beccmes detached from the
limiter for one second after which it returns to normal. These events
where observed at ID= 5 MA at 30 MW combined heating. Such events were not
observed at l_ = 3 MA. on the belt limiter which is possibly explained by a
larger scrape-off thickness at lower current, which leads to a reduced
power loading.

Fig 6: The carbon influx as
given by the intensity of a
CHI line in a I» = 5 MA.
discharge with Kjg = 16 MW,
P1CRH = 12 W (peak).For reference ne(a) and Te(a)are also shown.
The * indicates where
excessive temperatures on
belt limiter tiles are first
appearing.

4. Studies of Wall Pumping and Recycling
Wall pumping by moving plasma from one area of the wall or limiter to
another has given rise to a number of questions: Why does the density
decrease when the plasmas is moved from outboard limiter to inner wall?
Why is a density decrease observed when elongated or x-point plasmas are
formed? Why does pumping not depend on different wall and limiter
temperatures? Why is only hydrogen/deuterium pumped and not He? And, very
importantly, why is the pumping unsaturable? (Figure 7).
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Fig 7: Tenporal evolution
of the total electron content
of an OH discharge with Ip = 2
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while the external gas feed
was closed.
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These observations indicate a pumping mechanism that is not directly
related to a material property but to changes in the plasma edge when the
plasma is moved from the outboard limiter to the inboard graphite
protection or to the top/bottom. Detailed studies of mean density, and of
density profiles and particle confinement and the changes occurring when
pushing the plasma from the outboard (belt) limiter to the inboard
graphite protection strongly suggest enhanced screening of recycled
neutrals from the inner wall leading to a reduction of the fuelling
efficiency. This leads to a lower density» It can be shown that for inner
wall discharges the increased screening may be due to a combination [12] of
higher density in the outer layers of the confined plasma and an increase
In "the distance between magnetic flux surfaces close to the inner wall
which increase the density scrape-off thickness. A model has been
developed /13/ that is a further improvement of the earlier
two-particle-reservoir model and that considers these particular effects
and its effects on the density profiles. Since the screening changes the
edge fuelling the profiles near the plasma edge play an important role in
the verification of the model. Good agreement is found with the
experimental observation and a plausible and consistent answer can be given
to the earlier posed questions.
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SCALING STUDY OF SCRAPE-OFF LAYER
AND DIVERTOR PLASMAS

S.-I. ITOH, N. UEDA1, K. ITOH2
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Hiroshima, Japan

Abstract

2D time dependent transfer code UEDA has been applied to the single-null
divertor plasma in JFT-2M tokamak in order to study the transport of
scrape-off layer plasma. The parameter dependencies of the edge density
temperature as well as the temporal evolution and transient response was
evaluated. From the point of view of an impurity source from the divertor
plate, the discovered transient peak on the ion temperature could play a
sufficient role in the transport phenomena.

Recently, important roles of Scrape-Off Layer ( SOL ) and
divertor plasmas for a core plasma confinement have been recog-
nized. The basic process in SOL and divertor region has been
studied in detail. '' The 2-D structures have been attracted
attentions in studying phenomena of SOL and divertor plasmas.
The relative direction of the null point to the ion VB-drifto / \velocity affects the plasma confinement. >^' Theories have been
developed to study the influences on the heat flux. ~°'

We have exploited 2-D time dependent transport code for SOL
plasmas. ' This Unified Edge Divertor Analysis code ( UEDA
code ) has been applied to study the role of distance between the
limiter head and the plasma. ' Including an effect of neutrals,
a minimum value of the limiter clearance to prevent the interac-
tion with outer materials has been obtained. The value has been
compared with the e-folding length of SOL plasma. The analysis
on an effect of the toroidal magnetic field direction has been
also done. ' The drift heat flux which is proportional to ßxVT.
( Leduc - Righi effect in thermoelctronics ) has been found to
have an effect to determine the structure of the edge-divertor
plasma with respect to the in-and-out asymmetry.

In this paper we apply the code mainly to the single-null
divertor plasma in JFT-2M tokamak. ' The toroidal symmetry is
assumed and we analyse CCW case unless specified. In SOL and
divertor plasma regions, the fluid equations and neutral gas
motion are solved. The motion of the neutrals is calculated by
the Monte-Carlo code, DEGAS,11^ The total particle flux rQut and
the energy fluxes of electrons and ions , Qe and Q^, are given on
the boundary of the core plasma as parameters„ We assume Q = Q..

A set of multi-fluid equations consists of the continuity
equation for the density, the momentum conservation equation
governing the parallel velocity v», and the energy equations for
electrons and ions. The transport coefficients we use in SOL are

1 Mitshubishi Atomic Power Industries, Inc., Tokyo, Japan.
2 Plasma Physics Laboratory, Kyoto University, Kyoto, Japan.
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the classical ones for the parallel direction and the Bohm-like
coefficients for the perpendicular direction, D = Dg/2 and K =
2nDg. The coefficients 1/2 and 2 are chosen. As the boundary
conditions on the divertor plate, we use 1) v„ = /(T +T.)/m., 2)
Vnï^ = 0, and 3) V„Te = -Cenev»Te/K»e. The value of Ce is taken
to be 1.8 where we neglect the secondary electron emission.

[1] Scaling Study of Transport in SOL
For the given ̂ ou^ and PQUt from the core plasma, we study the

parameter dependences of the edge density and temperature, n^ and
T, , and those at the divertor plate, n, and T,. The measured
points are shown in Fig.l(a). The parameter range is in Fig.l(b).
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Fig. 1 Scaling study on particle flux, rouf an(l heat flux,Pout, of the edge density, n^, and the temperature, T̂ , and those
at the divertor plate, n^ and 1^. The locations of measured
points are shown in l(a). The range of Pout and Pc are in (b).
The results on nh, T,, n^ and Trt are shown in (c),(a;,(e),(f).
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The results on n^, IV nd and Td are shown in Figs. l(c), l(d),
l(e) and l(f), respectively. We find,

-0,3
out out

-.(US,
out out (D

1.1out *out
-0.35 - -IP 1out out (2)

and hasThe temperature at the divertor scales as P /F
stronger power scalings on ̂  ,- and PQUt than the edge one has.
The total pressure p = nT at the divertor is nearly independent
of Fout and scales as Pout°'S5' The scalings of pb and pd differ
to each other.

The 2-D profiles of the temperature is shown in Fig.2 for
the case of rout = 5x].021/sec and Pout = 0.8 MW. The temperature
at the divertor reaches 45 % 50 eV due to the large power flux.

Fig. 2 The 2-D profile of the temperature for rout = 5xl021/. A *. *. « ,4 n .no Wï.rsec and Pout 0.8

Let us compare our results with the theoretical analysis. The
boundary condition on particle and heat fluxes on the divertor
plate is, ndCs = rd/Ad, YTdndCs Œ Pd/V ̂  = rout/(i-g), where
Ad is the typical width of fluxes at divertor, y is the heat
transmission coefficient and g denotes the probability of the
ionization, (1-g) is a possibility for recycled neutrals to
penetrate into the main plasma. Using these relations, we have

Td - (3)
where G ( œl/(l-g) ) is the multiplication factor of the particle
flux and P , is the remote radiative cooling. In our case,
Prad « Pout. and G - const, hold in a stationary phase. G tends
to saturate "when the dense divertor plasma is established. This
is observed in our 2-D simulation. Our results of T, is well
understood from this simple consideration. Edge parameter depen-
dence is compared with the Lackner-Wagner ( L-W ) scaling. '
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. From our simulation,
« P°' "*n~° ' 2S. The result

The L-W scaling shows, Tb oc
eliminating T in Eq.(l), we obtain T,
shows a fairly good agreement, even if we consider the effect of
neutrals and the 2-D structure.
[2] Temporal Evolution and Transient Response

To study transient phenomena, the propagation of the changes
in SOL and divertor plsmas is analyzed. Figure 3 shows the
case where both Tout and Pout are reduced by a factor of 1/2 at
the time t=0. The initial values (t<0) are rQut = 5><1021/sec and
P t =0.5 MW, and the dense and cold divertor is established.

0
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Fig. 3 Simulation of transient response. Both particle and heat fluxes,
F t and P O U C> are reduced by a factor of 1/2 at t=0. The ini-
tial values ( t<0 ) are rout = 5xl021/sec and PQut = 0 . 5 MW.
T^ of the divertor region and the total plasma energy in the SOL
region Wp ( = fSOL+div^ dV ) are plotted.

T^ of the divertor region ( inside divertor plasma ) and the
total plasma energy in the SOL region W ( = / nT dV ) are
plotted. The SOL plasma energy reduces as W = 0.6 + 0.48 exp [-
t/188(ys)}(J). This reduction is monotonie and the typical time
of 188 us corresponds to the parallel confinement time. The
final value of W is about 55 % of the initial value. As is
expected from the scaling (1), the plasma pressure depends on p œ

PQUt "^out ' / 5- The reduction of W is little weaker than that of
pressure. This implies that the heat channel expands as a result
of the reduction of heat source. The final value of T^ does not
change much because the ratio of Pout/^QUt is ^ePt constant. In a
transient phase, there appears a peak of the ion temperature at
the divertor. The change of particle f lux causes modifications of
the neutral particle population and plasma density in divertor
region. As a result, there appears a transient peak in T^. From
the view point of an impurity source from the divertor plate, the
transient peak is possibly dangerous.
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[3] Cold Divertor Condition and Core Plasma Confinement
The cold divertor condition is derived from Eq.(3). The

value of ̂ out from the plasma is simply evaluated by Tp, as- nV /T , where V is the plasma volume. This leads to T^ =
P T /yGnV . The particle confinement time is determined by Tout p p r p
= avQ/Sn D(a). We assume that the diffusion coefficient D is due
to the turbulence near the edge, and we employ that D scales like
T15/B2 in order to study tl
experimental results .
The cold divertor plasma condition, e.g., TJ < 10 eV, is

Td = [2.5P~OJYn2KaR](B/4.5)6

.che L-mode plasma. With the aid of^
we have T «o.05n~1(B/4.5) " ~°~

lOeV (4)
We see that the cold divertor condition, Eq.(4), imposes the
lower bound of the operating density.

Sufficient exhaust of neutral particles also constrains the
plasma density. The pumping speed has been measured on JT-60. -1'
The speed is approximately given as, Fpujnp ~ 7.5x(ne2Q)2 ( Pa
m3/sec ), The pumping speed of neutral gas is proportional to the
density near the divertor, n^. Substituting the T scaling into
our result of nd, the relation nd ̂  n2-2Pout is predicted.
Calibrating the numerical coefficient, we have

rpump * 7-5x(ne20)2'2(Pout/10MlO« (Pa m'/sec). (5)
In NBI case, F , should be larger than r„__, which is approxi-
mately given by rNBI - 1.5(PNBI/10MW) for 75 keV hydrogens. The
condition rpump>rNBI ±s (ne20)2'2 (Pout/10MW)°-2 > 0.2x(PQut/10MW).
In Fig.4, we show the relevant regime of the operation on n-P
plane ( n is the line averaged density ) for JT-60 plasma with
circular poloidal cross section. We also plot the contours of
expected thermal Q-value, (3-limit and the density limit. To draw

a
i+s

15-

Fig. 4 The relevant regime of the operation on n - PQUt plane
( "n is the line averaged density ) for JT-60 plasma.
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the ß-lirait and Q-value contour, the L mode scaling of offset-
linear law ' is employed and the mass number is 2.5. Lower
limits of the density are imposed by two divertor functions.
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METHOD OF HELIUM REMOVAL FROM TOKAMAK REACTOR
DISCHARGE CHAMBER

S.V. MIRNOV
I.V. Kurchatov Institute of Atomic Energy,
Moscow,
Union of Soviet Socialist Republics

Abstract

The paper describes a new method of helium removal from tokamak plasma by
generation between the divertor plates and chamber first wall a screening
layer of low-temperature plasma which would ionize and trap neutral atoms.
The removal of these atoms out of the chamber could be realized with special
pump-limiters,

Helium (the DT~reaction product) is generally supposed to be re-
moved from the tokamak-reactor discharge chamber just by pumping out a
neutral gas produced in neutralizing the D+j, T*, and Be** ion fluxes
near the divertor plates.

This way is practically possible but associated with engineering
difficulties s since it requires;

1. large-diameter pumping-out ports and channels (D=1.2 to 2 m);
2. pumping-out capacity of about 10 1/s;
3. removal of D + T along with He from the chamber.-
Besides, in such a simple scheme the plasma parameters can only

be controlled near the divertor plates and walls by either increasing
or reducing the exhaust rate, i.e. by varying the reverse atom inflow
from the walls into the plasma.

It is proposed £1] s to generate between the divertor plates and
the tokamak chamber first wall (Pig.,1) a screening layer of a low-tem-
perature plasma ((Lift.*** 0.3 to I3cl014"cm~2, T = 10 to 40 eV) which«•

FIG. 1.
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would ionize and trap neutral atoms (D,T,He) flowing from the diver-
tor plates to the wall. The subsequent removal of these out of the
chamber is supposed to be realised with replaceable pump-limiters.
These limiters should be located in the porta so that the screening
plasma layers directed along the magnetic field, be rest on these
with their ends. The exhaust should proceed through these ends (Pig.2).

FIG. 2. iQ~2Ton

Screenirig plasma.parameters
Por a K-speqies neutral atom (D,TsHe) reflected from the diver-

tor plate to be efficiently trapped it is necessary that the scre-
ening plasma layer thickness d be comparable or exceeding the ioni-
sation length "A ,„-____kk____™ of the appropriate atom. Fig-3LJ(~
lists the values 4^1V&? for H- and He-atom ionisation from the
ground state depending on the electron temperature T . It is easy1? 1to make sure that e.g. at M^ = 3x10 cm •* and Te = 30 eV for 1 eV-
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D - and He atoms reflected from the divertor plates, JLm ̂  10 cms
and v^;He— 18 cra» i-e* appear to be of the order of the tokamak-re-
actor divertor chamber dimensions.

In fact, these estimates are approximate. One should take into
account the ionization of excited levels, which would reduce the JL £,
value, and on the other hand, when including the charge exchange this
value would be somewhat increased (due to the atom energy enhancement),

The accuracy of these calculations may be improved only when the
real experimental conditions are known« Roughly, we shall assume that
the plasma density required for trapping should meet the condition
n-e <L = 0-3 to 1x10Hcm~2 at Tajmax = 30 eV.

Generation of screening layers
The energy balance of this screening plasma column should be ma-

intained by the energy flux from the bulk of the plasma, and, in a
general case, by auxilliary heating.

The particle balance should be apparently maintained by the ato-
mic flux from the divertor plates, while the level of H-& should be
controlled by the pumping rate of the pump-limiters.

The plasma column with these parameters is the analogue of
the contemporary tokamak SOL plasma* Its behaviour can be rather re-
liably predicted, namely, its major energy losses would go along the
electron thermal conductivity channel to the receiving part of thef~)pump limiters. The flux density should be 0.3 to 0.4 KW/cm , similar
to that in contemporary tokamaks. It is expected that the total ene-
rgy flux fromihe screening columns under the tokamak-reactor con-
ditions would be 2 to 5 MW. The auxilliary electron heating may be
realized by a standard method, through electron-cyclotrons or e.g.
magneto-acoustic heating. Note that the screening plasma column may
even be enclosed with a loop antenna without any essential perturba-
tion of the divertor chamber plasma.

Pump limiters
Pump limiters may be produced by a standard method, in the sha-

pe of ahuffers facing the plasma flux (Pigs. 2,4)» The main difficul-
ty arising in using the pump limiters under quasi-stationary condi-
tions is the necessity to cool the limiter edges coming in. contact
with the plasma. However, in our case the energy released in the ed-
ges is ao small (0.3 to 0.4 KW/cm2). that it can be removed by ra-
diation.

In fact (Pig.4) the thermal flux coining to the plate edge should
propagate into the plate bulk and be radiated by the plate lateral
surfaces. Given the maximum admissible edge temperature ! n (let
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FIG. 4.

p < 10 Tori), the plate thickness O and the value of the energy flux
rt, , the o -dependent limiting Qs -values can be found for
various materials.

Corresponding calculations for W, Mo, C have been carried out by
V.K.Naumov and are presented in Pig.4« It follows from these that the
required thermal fluxes n, may be readily removed by the plates
thinner than 3 mm«
Operating scheme

At the initial stage of the reactor operation the neutral gaa
builds up in the divertor chamber.initiation of auxiliary heating
helps to organize the screening plasma columns. The required fL̂  and
Te are achieved by controlling the exhaust rate and heating level.
The fact that the hydrogen atom ionization and trapping occur at
lower T than those of helium atoms, allows some spatial selection
of D9T and He ions in the screening layer cross-section; the D and T
ions will accumulate in the region with TQ=5 to 10 eV, while the
helium ions will build up in the deeper heated (Te = 30 to 40 eV)
part. The helium concentration is expected to be increased by a fac-
tor of 3 to 5 in this way. It is apparent that the pump-limiters sho-
uld be used to pump-out the gas off theae particular layers. The
outer layer plasmas enriched with D+ and T+, upon neutralization
e.g. on conventional limiters may become the source of the reverse
D- and T~atom inflow to the plasma column.

The operation principle of the pump-limiter consists in the
following: it should receive the plasma flux flowing along the mag-
netic field, neutralize it and maintain a prescribed gas pressure
near the neutraliaer, thus ensuring the gas exhaust by conventional
means.
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92Let it be required to pump out 2x10 at/a. If, i.g-, the pum-
ping out capacity is 5x1(rl/s, then the required pressure is 1.2x10"
Torr. This can be ensured by a pump-limiter in the form of rectangular
shutters 1x10x30 cnr with the total area of 4x1 Or cm facing the pla-
sma.

Conclusions
1. Advantages of the proposed method consist in that it allows:
a) reducting by an order of magnitude the pumping out capacity;
b) reducing He recycling;
c) primary selection of D9TS and He;
d) control of the plasma parameters in the divertor chamber.
2. Disadvantages:
a) the experimental verification of the real physics of

elementary process is required;
b) auxilliary heating facilities should be supplied.
3. The method verification can be included in the ITER ex-

perimental programme.
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FIRST WALL AND DIVERTOR PLATE SPUTTERING
IN A TOKAMAK REACTOR

V.A. ABRAMOV, Yu.L. IGITKHANOV,
V.I. PISTUNOVICH, V.A. POZHAROV
I.V. Kurchatov Institute of Atomic Energy,
Moscow,
Union of Soviet Socialist Republics

Abstract

The paper contains results of theoretical analyses of erosion of first
wall and divertor plates for plasma facing components in a future
tolcamak-reactor. The calculations has been performed under the conditions of
sufficient energy distribution function distortions and the angular dependence
of the sputtering yield taken into account. The obtained data show that the
distribution function distortion leads to the sputtering yield increases by a
factor of 2 which is comparable with one due to the angular effect.

It is well recognized now that a tokamak-reactor life-
time is determined v;ith a life-time of plasma facing components«
This is reason to obtain the most accurate estimation of an
erosion rate for these components,

It is easily to show that a thickness of structural ele-
ments sputtered during the one year of the reactor continuous
operation by fluxes particles 3 of different kinds can be ex-
pressed as:

> CD
Here A is in ma/year, A is a target-atom mass (is amu) ; O -is

a target material density (g/cnr); tS>j(ctv) is a sputtering

yield by a particle j with an energy E and an incidence angle

$ \ Q* is a flux of particles j (part/cm ). Brackets < . „ .>

mean an averaging over an angular distribution and an energy

distribution function of incident particles.

The present paper contains the results of erosion rates

calculation va. t h the energy distribution function distortions

and the angular dependence of the sputtering yield taken into
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account. The distribution function for plasma ions coming to
the divertor plate can be considered as a shifted Maxwellian
one at the entrance in Debye sheath. In this case the ion dis-
tribution at the plate can be expressed as £ll :

, and f̂  0, when #» £ 1*& /Tt'

Here V0 is some mean velocity of ingoing plasma flow, ̂  is
a plasma sheath potential, j0 = -^ y — _̂ , ̂  and &#• ar
perpendicular and pararell velocity components respeet to the
magnetic fild line direction, normalised to the ion thermal
velocity; M0= V'/Vf. , P(M0) = & \ fà ft* £f-ff-/f0) . The
value M0 at the entrance in the sheath is accepted as M0 =

For our consideration we chose the expression for the sput
tering yield proposed i

e £ (i.tn - /.
This formula agree rather \vell \vith available searce experimen-
tal data e.g. it gives s "- ̂ r£/£ at the large E. The parame-
ters Q, E7_ , 3m are given in Ref \_ 1.~\ for some parameters.

It is seen from (1) that the difference between the dis-
tribution function of ions coming to the plate and the Kaxv/elli-
an distribution function is large enough, generally. It is as-
sumed that the atom distribution function near the plate coin-
cides with the shifted ion distribution function. It is assumed
also that the distribution function of atoms coning to the first
wall is the Maxv/ellian one. According to£î>l the next approxi-
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mation formula may be recommended for the angular dependence
S (Ö) of the sputtering yield:

The parameters £ and $y»ii are given in £3] •
The twice averaged sputtering yield ( over an energy

spectrum arid an incidence angle) is given by the expression:

sco

Here

In (5) S(t) is the sputtering yield angular dependence (see (4));
S (5) is the sputtering yield energy dependence (see (3))î -S.-n
is the threshold energy (see [2] ); ĵ is the projectile charge
(non-nuclear charge)*

In an accordance v;ith above-mentioned views the tv/ice
ave-rage sputtering yield have been calculated for some projectile
and targets. Table I shov; the results of the calculation for the
case different materials sputtering by deuterium ions.

î.eV

5
10
50
100
500
1000

c
3.2-3
1.97-2
5.35-2
5.63-2
2.95-2
1.94-2

1.97-2 rai

Al

2.2-3
5.8-3
5.1-2
6.06-2
4.45-2
3.13-2

3£sns 1.97*

TABLE

S

Sarget

Ti

1.75-5
1,03-3
1.3-2
2.44-2
2.32-2
1.8-2

10~2

1.

Pe

6.7-5
2.94-3
3.95-2
5.36-2
5.4-2
4.29-2

Mo

2,3-12
3.9-7
2 „6-3
6.3-3
1.1-2
1.01-2

W

2.63-14
3.62-8
1.53-3
4.57-3
1.07-2
1.11-2
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Table 2 shows the results for the case of different mate-
rials sputtering by tritium ions

TABLE 2.

S

T.eV

5

10

50
100

500

1000

Target

C

1.8-3

2.9-2

1.9-1
2,12-1

1.31-1
8.9-2

Al

7.99-4

3.97-3
7.72-2

8.99-2
6,52-2
4.66-2

Ti

1,6-4

3 < 97-3
3.63-2
4.68-2

4.31-2

3.32-2

Pe

3.12-4

7.81-3
7.37-2
9.7-2

9.57-2

7.60-2

Jlo

4.15-7
1.6-4
1,08-2

1,75-2

2.36-2

2.08-2

V/

1,62-12

3.59-7
3.57-3
9.29-3
2.00-2

2.Q5-2

It should be noted that at lov; temperature the sputtering
yield for tritium ions is less than one for deuterium ions. This
fact is not related with averaging procedures since the formula
(2) predicts the same behaviour of sputtering yield at lov/ energy*

The analysis of the obtained results shows the sputtering
5rield changes due to, mainly, the accelerating potential. So,
for example, if we take into account the angular dependence of
tungsten sputtering by deuterium atoms at T = 100 eV then thec

sputtering yield increases about 3 times. For example, if v/e take
into account the acceleratir-s potential the enhancement factor
is 35.

Figure 1 shows the effect of the angular dependence on
the sputtering yield. One can see that the ratio of the tV/ice
averaged sputtering yield to the energy-averaged sputtering yield
( for case 0=0, LI0= 0) increases v/hen the temperature increases
so long as fast particles population increases temperature. ?or
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/ff so* so* T,eV

FIG.1. Ratio of the twice averaged sputtering yield to the energy-averaged sputtering yield.

the fast particles the enhancement of the sputtering yield is
essential for the grazing incidence angle, according to (4). So,
the conclusion may be done: despite the very veak dependence of
the sputtering yield on the incidence angle at the energy range
belov; 200 eV it is essential to take into account the angular
dependence even at lov; temperature if we would like to calculate
the sputtering yield averaged over an energy spectrum. Tor example.
the enhancement factor is 2.5 at ÏÏ-D sputtering even at T = 10 eV.

The obtained data shov; that the distribution function dis-
tortion leads to the sputtering yield increases by a factors of
1.5-2. (Phis enhancement is comparable v/ith one due to the angular
effect.

It is interesting to compare the calculated values of the
sputtering yield with the values %7hich can be obtained fron
(2>) at E » 3'5<- 71 (ion gaines this energy due to the accelera-
tion in the sheath and the presheath filld). It is easily con-
vineed that for all combinations (projectile + target) the values
S given in Table 2,3 enceed 32(3=3.5 ̂"Ĵ  ) (the real enhancement
factor depends on the projectile type). So the usual estimation
of the sputtering yield at the energy 3.5 ̂  "£ is underestimated,.
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IMPURITY TRANSPORT AT ARBITRARY CONCENTRATION
IN THE DIVERTOR PLASMA

Yu.L. IGITKHANOV
I.V. Kurchatov Institute of Atomic Energy,
Moscow,
Union of Soviet Socialist Republics

Abstract

This paper describes a new model for impurity transport in the scrape-off
plasma layer. It has shown that under the condition of high impurity
concentration they could play an important role in the transport phenomena.
The impurity ions of an arbitrary concentration was taken into account and the
main results of the analysis could be formulated in the following ways:
1) outside the recycling zone near the divertor plate the ion thermal force
plays a decisive and unfavourable role in the distribution of a highly-ionized
impurities, 2) in the recycling region the favourable drag force is stronger
than the thermal force and provides a good divertor retention.

The present-day models describe the behaviour of im-

purities in the divertor volume and in the scrape-off layer

in the test particle approximation, when the concentration

of Zj-fold ionized impurity n~. is so small that it does

not affect the plasma dynamics / iïf.r- ~ /7, z2"*<•<'/? ~ ft- /î,2/*£—» J J * £- I

The calculations show that such an approximation turns out
to be true under limited conditions only and easily violat-
ed, for example, if we take into account the sputtering
of divertor plates by epithermal ions /3/.

Even in the regimes with high recycling an important
role in sputtering is played by epiiheimal ions. The typical
carbon-ion distribution without and with sputtering of
divertor plate by epithermal ions is shown in Pig.1,2. Its
shown, that impurity ions with high Z. are localized inJ
the range of higher temperature. Under these conditions 2ef^
in scrape-off plasma exceeds unity, and even when n̂ sn.̂ ,
from the comparison of the corresponding frequencies it
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K.g.1. Longitudinal destribution of carbon, ions •withoutregard for the plate sputtering by epithermalions, Z *= 1, ASDEX parameters.

Pig.2. The same with due regard for the sputtering by
epithermal ions from the separatrics, Z .»s: 1.3«

follows that if Z ff - 1 '/i.•) , the impurity ions
mainly collide with each other. Here /̂ '«-j = **'j rua /Ywj+M. \,

TT /For V/-ions it corresponds Z f̂ >,1,1 in hydrogen "background
D ̂plasma and Z £~>,1.2 ̂ n D~T plasma. For-Fe and C-ions we

have Zgf(Fe) £1.2, Ẑ (Fe)̂ 1.3, ZHf (C)̂ 1.4 and Ẑ (G)_>1.6.
Under these conditions the impurity dynamics depends mainly
on the collision of impurity ions to each other. The compari-
son of collisional frequencies of electrons and ions shows
that at Z ~>j 2 the collisions of protons with impurities
are dominant and impurity transport also determines the
main plasma parameters. For its description a non-test tran-
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sport model was developed. The impurity ions of an arbitrary
concentration was taken into account equally with the main
plasma and the explicit form of the kinetic coefficients were
obtained /4/.

As an example we shall consider below the distribution
of impurity ions along the magnetic field lines in the scrape-
off plasma. Keeping only the most important contributions,
the equations of motion for impurities in stationary state,
including the electrostatic force, the frictional drag and
thermal force between the background electrons and ions and
impurity ions, are /4,5/:

, p = e2fn E +R + z, CDJ *
where

,. = -c >t

(3)

/ - ( 5 )
/A (?,

C6)

Here the following designations are introduced:

- z

and the summation is done by all particles and charge
— i ~— • / T \ '/•

states of impurity ions. If 1 < ? "*/,. i'ni ^ "57ne <•'.
we can neglect in Eq.4 the contribution of electron-ion
collisions: f
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The coefficiets G for some mass ratio m/m. are given2» 1
in /5/. In the limit of m > m. we can obtain

Eliminating the electric field in Eq.1 by means of

Zfit.t - — 9„p - öS 17 y.Ts (8)/ e f C a C.

and, since p cconst along the magnetic field lines,
v/e obtain: ._ -$:

nij ̂  ! (9)
where

+ O.i

Here we set T = T. and T /T.= ̂ ^ const. The terms in Eq,10ĵ -i~ t* J.

proportional Z . are connected vn.th the thermal forces betweenj
the background electrons and ions and the given impurity ion.
The thermal forces point in the direction of incz^easing tempe-
rature. The contribution of electric field (~Z- ) and fric-

•J

tional drag (~V.) is negative and describes the localization
of impurities near the divertor plate. Note, that for the

ktotal impurity concentration one has n2= T , where

•B

5Here I -~ v2 r , where qc= n̂ '̂  &nd
/v_< t-j-i —j'j~'

qm = -5/2 • ~ -^f~~r—r are the power flov/s carried by ions1 C/ "*;('+ßZf)
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in the plasma with impurities via convection and conduction.
Prom Eqs (10-11) it follows that in the region of high

temperature gradient, e.g. outside the recycling zone near the
divertor plate, when ̂ ~ M ~f~. <T ̂  ( M - is Much number,
LT= ( f/\7j} } )iiï~ÏSTr£;; ) "the ion thermal force plays a deci-
sive and unfavorable role in the distribution of a highly-
ionized impurity. In the re-cycling régi OÏL the favourable drag
force is stronger that thermal force and provides a good diver-
tor retention. As it seen from Pig. 2 the increasing impurity
pressure near the target (due to additional sputtering) pushes
the impurity ions against the drag force through the recycling
zone, where the thermal force extracting impurities farther.
This is true for the trace impurity levels, when Zef= 1 and
ZQ<k'1. However when the impurity concentration rises and the
collisions of plasma ions with an impurity become dominant
n >^/7t-, B £0> 1 , the electron thermal force is exactly cancel-* — p _
led by part of the electric force (Z ̂  Z / Z ), and ion thermal
force becomes weakly-dependent on a charge state of impurity
ion (see 11). At first glance the drag force remains to be

2proportional to Z . If that so, this allows to hope that the
impurity of high ionization multiplicity will be localized in
the low temperature region under the frictional force of the
plasma flux running on the divertor plate.

However, it will be noted, that under real conditions,
the plasma parameters (temperature gradient e.g.) are varied
with a rise of impurity concentration. In particular, the ion
thermal conductivity will reduced in this caSe and the tem-
perature gradient will rise with a rise in Z , if one assumes
a thermal ion flux to be unchanged. In that case the distribu-
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t i on of impurities along the field lines has a v/eak dependence
on their charge state. Under real conditions both thermal and
plasma flux rate also depend on the level of impurities. So
that a final solution of s. possible localization of arbitrarily-
high concentrated impurities can be finaly found from the com-
pute numerical calculation.

REFERENCES

1. Igitkhanov Yu.L,, Pistunovich Y.I,, Posharov Y.A.,
IAE-Preprint 4217/8, 1986.

2. Neuhauser J., et al. IPP, 1/216, 1983.
3. Igithanov Yu.L., USSR Contribution to IÎTTOR, Phase

HA, 13 Session, 1986, March.
4. Igitkhanov Yu.L., et al. Report on XIY European Conf,

on Contr.Fusion and Plasma Phys., Madrid, 1987.
5* Zhdanov, V., " Transport phenomena in multispase plasma",

M., 1982.

66



HEAT FLOW TO THE DIVERTOR PLATES IN JT-60
LOWER X-POINT DISCHARGES

K. ITAMI, T. NISHITANI, N. HOSOGANE,
T. MATOBA and the JT-60 TEAM
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun, Ibaraki-ken,
Japan

Abstract

Strong asymmetry in recycling and heat load between the inner leg and the
outer leg of the separatrix in JT-60 tokatnak is observed. When the toroidal
field is reversed, the asymmetry is also reversed. An improved divertor
confinement is obtained with high power neutral beams which is associated with
the reduction of the radiation in the core plasma and the increase of
recycling and radiation in the divertor region.

I n t r o d u c t i o n
From several points of view, the temperature of divertor plates and the Ha

emission at the divertor plates show important informations to monitor the edge
plasma. Since divertor plates are made of graphite in JT-60, sputtering of carbon
from the surface can cause a contamination of plasma. A sputtering yield is a
function of temperature of the material. Thus measuring the temperature of the
plate may be a good measure how much carbon is released. At the disruption large
energy is released in a short period of time ( several milliseconds) . From the
engineering points of view, we have to know how the energy of the plasma is
released to the divertor plate during the disruption. Heat flux to the divertor plate
and the Ha emission at the divertor plates has a strong correlations to the
confinement of the plasma and the recycling at .the divertor plate Heat flux to the
divertor plate is carried by the ions and electrons which come from the scrape-off
region of the main plasma along the magnetic field lines. Thus the profile of the heat
flux at the divertor plate reflect the information of the scrape-layer and divertor
plasma.[1J.

IRTV camera and Ha TV camera system
A new divertor monitoring system was developed for lower-X point discharges.

The system consists of an infrared TV camera and visible TV camera and the data
acquisition system. Figure 1 shows schematic view of IRTV and Ha TV camera system.
The half mirror is made of Si with anti-reflection coating for infrared. This half
mirror behaves as a mirror for visible but as ä transparency for infrared . Both IR
camera and Ha camera have the identical field of view. It is limited by the port of the
vacuum vessel and 51cm x 10cm at the divertor plate.

The IR camera uni t converts electromagnetic thermal energy which is
radiated form the surface of the object into electric video signals. The infrared ray
radiated from the object is focused by the 7° lense into oscillating ( vertically
scanning ) mirror. The optical output from the oscillating mirror is focused by the
optics onto the polygon mirror which scan the object horizontally by rotating at
16000rpm . The reflected beam is passed though a aperture and filter and finally
focused on a detector. The detector is a mercury cadmium teliuride mounted on a
sapphire substratum. The detector is sensitive to 2}im to 5u.m and is cooled by the
thermoelectric cooler. Video image is transferred from the JT-60 to the shield room
by optically and then restored and recorded on the videotape. But the recorded image
doesn't have enough spatial resolution and S/N level to obtain the profile of the
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FIG. 1.

Schematic view of IRTV and Ha TV
camera system.

temperature because the video signal is converted and processed several times until
it is recorded on the videotape. The two dimensional image obtained every 80 msec is
good for the monitor the temperature throughout discharge, but may miss the
transient phenomena in a short time scale, such as a disruption and MHD instability.
Thus we usually operate IR camera in the line scan mode and take the video signal
by 12 bit transient recorder near the IR camera control unit. The data acquisition
system is controlled by CAMAC and a micro-computer. In the line scan mode, the
vertical scanning mirror is fixed at the position which view the center line of the
video field. One dimensional distribution of the temperature is obtained each line
scan ( = 400 jisec ) Since we have to dizitize signal with frequency of more than 500
kHz to get the good spatial resolution, 10 megabyte data is required for duration of the
discharge. The amount is 20 times larger than data We usually take data every 50 line
scans 6 seconds during the period of the divertor configuration. The time resolution
is reduced to 20 msec in this operation.

Ha TV camera is simply consists of CCD video camera, zoom lense and Ha filter.
The intensity of light on the CCD is controlled by an iris in the zoom lense.

The calibration of IR camera system is carried out to obtain the attenuation
factor of infrared by the half mirror and the vacuum window for the temperature
range from 100°C to 1000 °C. The attenuation factor of infrared by the half mirror
and Ihe vacuum window is 65% at 300°C and 75% at 800°C. The field of view of IR
camera and Ha TV camera is carefully measured at the setting up of this system. The
sight, of the line scan is set 3.5cm from the side the divertor tile to prevent from
seeing the enhance heat flux at the edge of the tile.

Heat f lux due to ins tabi l i t ies
The IRTV and Ha TV system has routinely operated during the experiment. The

heat flux to the divertor plate is calculated from the history of the temperature by
applying the Duhamel's theorem to the response of the surface temperature to the
pulsed heat flux. We show the accidental release of the energy by the instabilities.
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Figure 2 show the energy release by the quasi stationary mode and the transient heat
flux pass through the field of sight as the instability goes around the torus. Since
time averaged heat flux is about 10 MW, more than 40% of the input power is lost by
the instability due to parallel heat conduction along the field line which connect the
core plasma to the diverlor plate. Figure 3 shows the abrupt heat flux at the vertical
instability. In this discharge, the plasma current in disappeared in 20 msec due to the
vertical instability. Unfortunately we have missed the lime evolution of the heat
flux, because of slow sampling rate. Faster sampling rate should be required to study
the process of the energy loss during disruptions.

Be(330°)

:.a 3-* a.
Tir* < n»LA * 5

Î O . O .

K
O

'0.0

FIG. 2.

The release of the energy by the quasi
stationary instability.

3.500t « 3.700t » 5.»Cot I t . l O O E 0 i . J O O t 0 4 .SOOE
Tlnt(Stc)

VERTICAL INSTABILITY

- 500
V

FIG. 3.

Abrupt heat load to the divertor plate
at the vertical instability. Time
evolution of the temperature at four
different positions and the change of
the profile of temperature at the
disruption is shown.
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Profile of heat f lux
A profile of the heat flux is fnodified not only by the geometrical structure of

the flux surfaces but by the behavior of the scrape-off layer, perpendicular
diffusion and atomic process in the divertor region. The radial profile of the power
deposited to the divertor plates depends on the plasma density. Figure 4 show the
radial profile of the heat flux for discharges with the line averaged density at the U6
chord, increasing from 1.43 x 1019 m'3 to 3.87 x 1019 nr3. A clear difference of the
profile is seen between the discharge shown in the top and that in the middle.In the
low density, the power deposited around the inner leg of the separatrix is larger than
the power deposited around the outer leg of the separatrix The direction of the
toroidal field is usually set such that B X VB drift direction is toward the divertor plate
and the outer leg of the separatrix is a direction of the electron flow. As the plasma
density increases , the power to the inner leg decreases whereas the power to the
outer leg increases. Eventually the power to the outer leg of the separatrix surpass
the power to the inner leg of the separatrix. At the higher density ( ne6 > 3 x 1019 m"
3 ; ne6 is about 70 % of the density at the center chord) the profile of the heat flux
around the inner leg of the separatrix strongly depends on the condition of the
discharge , such as discharges with the improved divertor confinement. But
broadening of the profile around the inner leg of the separatrix is commonly
observed. In the extreme case, almost flat profile across the inner leg region are
obtained. This may indicate that anomalous diffusion perpendicular to the magnetic
field occurs around the divertor region.
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The radial profile of the heat flux for
discharges with line averaged density
ne6 increasing from 1 43 x
10 387 x

The radial profile of heat flux is also modified by changing X-point height.
Since a magnetic flux tube which connect the scrape off layer to the divertor region
is twice narrower in high X-point discharges than in low X-point discharges, the
heat flux from the scrape-off layer concentrate in narrower region .

An impioved divertor confinement is obtained with high power NB . The
improvement of confinement is associated with the reduction of the radiation in the
core plasma and the increase of recycling and radiation in the divertor region. [2].
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After the onset of the IDC, the heat flux to the divertor plate is gradually decreased in
the same time scale with the change in the intensity of radiation. The reduction oi
the total power to the divertor plate is mainly attributed to the reduction in the
region several centimeters from the separatrix. The first observation show the
asymmetry between the inner leg and the outer leg of the separatrix. This feature
indicates the transition to the IDC changes the scrape-off layer of the main plasma
and/or the formation of cold and dense plasma. From the Ha TV image, the transition
to the IDC change the profile of Ha emission such that the fuzzy band of Ha light
gradually becomes narrow and the sharp boundary ( which means large gradient of
H a emission ) is formed near the separatrix, as shown in Fig.5. This observation is
consistent with the fact that heat flux around the inner leg of the separatrix is
remarkably reduced., as shown in Fig.6 .
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FIG. 5.
H a image at the before the transition
to the IDC, just after the transition and
the IDC slate. After the transition to
the IDC, the fuzzy band of Ha emission
becomes narrow.

FIG. 6.

Time evolution of the profile of heat
flux after the IDC transition.

Database ana lys i s
A database is assembled to search the parameter dependence of the heat flux.

We define Pjn as the power deposited to the region around the inner leg of the
separatrix and Pout as the power deposited around the outer leg of the separatrix.
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Plot is a total power deposited to the divertor plate and a sum of Pjn and Pout- Figure
7 show the ratio of the power to the neutral beam power as a function of the plasma
density. This figure show that 1) up to 40 % to the beam power is deposited to the
divertor plate, 2) as the plasma density is increased, Pin/PNB tend to decrease while
Pout saturates. The scatter in Pjn comes from the sensitivity to the other plasma
parameter and occurrence of the IDC. Pin at the discharge with IDC is lower than
those without the IDC. Pout/PNB is insensitive to the condition of the plasma. The
clearer trend is obtained in the ratio Pin/Pout- Figure 8 show the P jn /Pou t as a
function of ne6 which are grouped by the length of §30- Pin/Pout linearly decreases
with increasing the plasma density. Since Pout at smaller 630 is smaller than P0ut at
larger 830-,Pin /Pout is larger in small 839 . (This may indicate the power flow from
the smaller major radius along the field line is partly deposited to the limiter.)
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A several discharges was performed with the direction of the toroidal field
being reversed. Clear contrast is obtained in the density dependence of P in /Pou t -
with the discharges with normal case. Pin/ Pout increases linearly with the plasma
density as shown in Fig.9 From the Ha TV image, Ha light is found to be brighter in
the inner leg of the separatrix [2]. This phenomena is contrary to the phenomena
observed in normal Bf cases.

PIN/POUT vs neB (BT reversed)
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FIG. 9.

Database plot of PIN! P OUT as
function of the Une averaged density
when Bf is reversed.

S u m m a r y
Up to 40 % of Ptot/PNB is observed. Strong asymmetry in recycling and heat

load between inner leg and outer leg of separatrix is observed. When the toroidal
field is reversed, the asymmetry is also reversed. The ÏDC changes the behavior of
the recycling and heat load around the inner leg of the separatrix. To explain these
asymmetry and the IDC mechanism, 2D analysis which include ion grad-B drift will
be needed.
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ENGINEERING ISSUES FOR PLASMA
FACING COMPONENTS OF ITER

T. KURODA
ITER Nuclear Engineering Group,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany

Abstract

This paper is devoted to some critical aspects of the plasma facing
components of the International Thermonuclear Experimental Reactor (ITER).
The specific problems of plasma facing armour material, design features,
divertor plates, etc. are emphasized. The high peak power loads present a
difficult engineering problem. Carbon-based materials are capable of
withstanding high heat loads without melting and have less effects as an
impurity into the plasma.

1. Operating Requirements for Plasma Facing Components

The current working hypothesis for the operating requirements of the
ITER. plasma facing components (PFC) in both the Physics Phase and the
Technology Phase is shown in Table 1[1]. (Based on discussions during ITER
joint work in February/March 1989, the parameter values were revised from
those in the ITER Definition Phase Report[2].) Possible PFC operating
parameters have a wide range due to the required flexibility for different
plasma scenarios and to the present uncertainty in plasma physics. The local
heat fluxes to the first wall are up to 0.6 MW/m2 during normal operation.
Peak heat fluxes to the divertor plate are predicted to be as high as 15-25
MW/m2 (assuming 20°-inclined plate to the magnetic surface). The impinging
particle energies to the divertor plate are predicted to be 90-300 eV, During
plasma disruption, the divertor plate is subjected to heat loads up to 20 MJ/m^
in 0.1-3 ms. Run-away electrons with energy densities of 50-500 MJ/m2 are
also expected to bombard the plasma facing surface.

2. Plasma Facing Armor Material

It is required by the ITER Physics Group that the plasma facing surface
of the first wall and the divertor plate is fully covered by a low Z armor to
minimize high Z impurities into plasma, especially for the Physics Phase. For
the Technology Phase, the armor coverage will be reduced down to local
sublimiters on the basis of experiences obtained during the Physics Phase.
Carbon-based materials, such as graphite and carbon-fiber-reinforced-
carbon-composite (CFC), are recommended as the plasma facing armor
considering their high temperature capability and good performance in the
present large tokamaks. In addition, initial estimates of the particle energies
at the divertor plate are high enough to exceed the self-sputtering threshold
for high Z materials. It might be possible by further investigation to find
operating scenarios that allow the use of high Z materials.
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Table 1 Main Operating Requirements for Plasma Facing
Components of ITER

OPERATION PHASE
COMPONENTS

i, HOMIMAL OPERATION
- AVER. NEUTRON WALL LOAD KH/ra2
- HEAT FLUX -AVERAGE MW/m2

"PEAK KH/m2
- TOTAL KUMBER OF LOAD PULSES 104
- AVERAGE NEUTRON FLUENCB KWY/ja2
- PEAK IRRADIATION DAMAGE*** DPA
- PEAK INCIDENCT PARTICLE

•FLUX 1020/mSs
«ENERGY aV

- CARBON SURFACE TEMPERATURE *C

PHYSICS
FIRST
HALL

1
0.1-0.2
<0.6
0.7
0.045
0.3

1
25-80
.1700

TECHNOLOGY
DIVERTOR FIRST
PLATES HALL

0.$

up to 15
0.15'*

0.006**
0.05**

5-1-103
90-300

1100-1300

1
0.1-0.2

•eO.S
2-5
1-3
12-45

1
25-80

_

DIVERTOR
PLATES

0.6

up to 25
0.4-1**
0.1-0.4**
0.6-2**

S-1'103
90-300

_

.DISRUPTIONS
THERMAL QUENCH
NUMBER OF DISRUPTIONS
TIME
PEAK ENERGY DEPOSITION
CURRENT QUENCH
TIME
RADIATIVE ENERGY DEPOS.
RUN-AWAY ELECTRONSRUN-AWAY ELECTRON
ENERGY

ms
MJ/ra^

as
MJ/raf
MJ/ra2

MeV

200**
0.1-3
2 20

5-50
2

4 ** *

3
50-500 30-100

S 600

10-100
0.1-3

2 20

S-50
2 1.5

50-500 30-100
t 600

NOTES
For double-null plasma on outboard divertor plates vith 20° incli-
nation to the separatri«, assuming ignited operation in tha physics
phase and driven operation (with Q . 10} in the technology phasa
Assuming about 5 divertor plate replacements during each phase.
For austenitic steel and carbon btaed material in the first wall and
divertor respectively.
With some safety factor
Frequency of! run-away has to be much smaller than disruption frequenc
(possibly some percent of it)

3. Design Features

(1) First Wall
The first wall is integrated with the removable blanket/shield segments.

The structural material chosen for the first wall is solution-annealed type 316
stainless steel cooled by low-temperature(<10Q °C) and low-pressure (<1 MPa)
water. Armor tiles of 15-20 mm thickness are mechanically attached or bonded
on the first wall structure, with cooling of the tiles by radiation or conduction.
Examples of mechanical tile attachment schemes are shown in Fig. 1.

Figure 2[2] shows the estimates of the allowed nominal peak heat fluxes
to the first wall limited by cyclic fatigue of the steel structure. Typically at 1
M W / m ^ neutron wall load, a peak heat flux of 0.3 MW/m^ is allowed for
conduction-cooled or bonded armor tiles. For radiation-cooled armor tiles, 0.3
M W / m ^ is also allowable for chemical sputtering/radiation-induced
sublimation (RIS) of the carbon materials (assuming the maximum
temperature limit of 1400-1500 °C), while thermal sublimation permits a peak
heat flux of 0.8 MW/m2 (also assuming the miximum temperature limit of 1800-
2000 °C) taking advantage of reradiation effect from the tile surface. It shoud
be noted that integrity of the attachment part between armor tiles and steel
substrates be investigated in more detail.
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(2) Divertor Plate
The basic divertor plate concept consists of a 5-10 mm-thick armor tile

bonded onto a water-cooled heat sink made of copper- or molybdenum-alloy.
Such a divertor plate cross section is shown in Fig. 3[2] together with the
preliminary results of the thermo-mechanical performance of the divertor
plate. Static peak heat fluxes of up to 10 MW/m2 are marginally acceptable
considering the limits for armor temperature (1400-1500 °C in terms of
chemical sputtering/RIS) and thermal stress of the heat sink material. For
higher peak heat fluxes, some measures should be required: Separatrix
sweeping with frequencies of 0.1-0.2 Hz and amplitudes of 20-30 cm on the
divertor plate can increase allowable peak heat fluxes up to 15-20 MW/m2. A
prediction of the allowable number of burn cycles is indicated in Fig. 4[2] from
the viewpoint of fatigue limit of heat sink materials. Since about 10000 cycles
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of piasma burn are expected during the Physics Phase, several times of
divertor plate replacements should be needed for the peak heat fluxes of 15-20
MW/m2 . The integrity of the bonded part and bum-out at the cooled surface of
the heat sink need further investigation.

4. Issues for the use of carbon-based material armor

Erosion of carbon-based materials is a critical life-limiting issue,
especially for the divertor plate. The present estimates of erosion rates from
the divertor plate by physical/chemical sputtering and RIS indicate that they
are of an order of several meters per burn-year without redeposition. Some of
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the sputtered carbon are expected to be redeposited, and the redeposition could
reduce the net erosion by ten times or more. However, carbon may not be
deposited at the appropriate location. In addition, the redeposited carbon may
not have the required material properties.

Erosion caused by plasma disruption is also serious. Analytical
predictions as shown in Fig. 5 indicate that the erosion by sublimation of the
divertor plate armor is about 190 Jim/disruption for disruption conditions of 20
MJ/m2 in 0.1 ms. On the other hand, erosion thicknesses in experiments are
five or more times larger than analytical values as shown in Fig. 6. Therefore
the erosion thickness might be about 1 mm/disruption for ITER divertor plate.
The armor (assuming 10 mm-thick) on the divertor plate might be fully eroded
by 10 disruptions, while 500 disruptions (total deposited energy of about 1000
MJ/m2) are expected during the Physics Phase.
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During the Technology Phase, although it is assumed that there will be
very few disruptions, the carbon armor will not survive as long as desired
unless the net erosion can be reduced by about a factor of one hundred or
more under the prediction without redeposition and the separatrix sweeping.

There are also several critical issues associated with the use of carbon-
based materials as PFC armor:

- The retention of tritium in the armor material seems to be high (an
order of kg) in particular with irradiation damage, and may have
serious impacts on safety and tritium economy.

- Baking of the armor material at 350 °C, which is required to reduce
impurity contents in the armor, may cause large thermal stress in the
reactor structure and will need complicated procedures such as
changing the water coolant to another heating medium (e.g. helium).

- Substantial quantities of dust with adsorbed tritium will be produced
by erosion, which will put constraints on vacuum pumping and
maintenance.

- Water and/or air ingress into the plasma chamber with carbon
materials above 1000 °C represent potential safety hazards.

Table 2 Parameters to be clarified for the Design of Plasma Facing
Components

= Peak Heat Loads and their Profiles during Normal Operation for:
- Divertor Plates
- First Wall

• Major part
• Local high heat flux region

Ripple loss region,
Beam shine-through region,
Start-up limiter and/or sublimiters (if necessary),
Others
[location, area, peak heat fluxes or peaking factor]

« Heat loads during Plasma Disruption for:
- Divertor Plates
- First Wall
[time, deposited energy, location, area and/or peaking factor,
number of disruptions
(including effects of run-away electrons)]

= Impinging Particle Conditions for:
- Divertor Plates
- First wall
[composition of particles, particle fluxes, energies and their
profiles]

= Constraints on Carbon In-Flux to Plasma or Maximum Allowable
Temperature of Graphite/CFC Armor

= Details of Operation Modes during the Physics Phase and the
Technology Phase

[number of shots, burn/dwell time]

80



5. Conclusion

The high peak power loads, especially on the divertor plate, present a
difficult engineering problem. Carbon-based materials are capable of
withstanding very high heat loads without melting and have less effects as an
impurity into the plasma, but have short lifetimes and other serious issues as
stated above. From the engineering point of view, longer lifetime components
should be developed. Therefore it appears necessary to reduce the power and
particle loadings on the divertor plate. At least for the Technology Phase, the
plasma conditions which permit the use of high Z armor materials should be
pursued. In addition, it is necessary to clarify parameters shown in Table 2 for
improvements and confirmations of PFC design.

Success in this area depends not only on the engineering efforts but
also on a possibility to operate in plasma regimes at the divertor plate
ensuring low levels of heat load and erosion.
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POWER AND PARTICLE CONTROL FOR ITER

M. SUGIHARA and the ITER PHYSICS TEAM
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany

Abstract

The poloidal divertor is presently the most credible concept for
the exhaust of the plasma power and helium ash and also for the
control of impurities in ITER. Substantial localized recycling will
occur within the divertor thereby ensuring a relatively low plasma
temperature at the plate, good retention of eroded material.
Nevertheless, the ITER divertor plasma conditions will be very
demanding with respect to power loading, erosion of plate material,
and pumping of helium ash.

It is predicted that operation at low <ne> (e.g. < 1020/m3) or
with strongly peaked density profiles can raise the divertor plasma
temperature to such an extent that the sputtering rate of high Z plate
materials would be unacceptable. This has led to the initial choice of
low Z (e.g. carbon or carbon based) materials. Divertor plate material
for the technology phase will be chosen based on the experiments
during the initial physics phase and on other experimental data.
However, the net erosion rates of carbon are high even when
allowance is made for redeposition. There is thus a strong incentive
to use refractory metals by reducing the divertor plasma
temperature either by increased edge radiation or by operation at
increased density, which conflicts with the requirements for efficient
current drive.

Model calculations show that the pumping requirements for
helium neutral gas are very demanding, e.g. well in excess of 100
m3/s.

Solving these erosion and impurity control problems is one of
the most serious and demanding technical issues of the ITER design.

1. Introduction

The physics objectives of ITER are to demonstrate controlled
ignition and extended burn of DT plasma with steady state as an
ultimate goal through the following process [1], (i) First, the
inductive plasma burn (several 100 s) under conditions of controlled
burn, (ii) Second, the extension of the burn pulse by non-inductive
means, (iii) Thirdly, provide plasma parameters sufficient for
technology phase with a Q of 5 or more. The engineering objectives
of ITER are to validate design concept and qualify engineering
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components, to demonstrate the reliability and maintenability of
reactor systems, and to test the main nuclear technologies through
the following conditions. Neutron wall loading of about 1 MW/m2,
neutron fluence of about 1 MWa/m2> tritium breeding ratio of about
i and the overall availability of about 10 % (maximum of about 25
%).

To achieve the plasma performance specified above,
enhancement above L-mode confinement, typically an enhancement
factor of ~ 2, is needed [2]. And yet, power and particle control
issues have great impact on plasma performance as follows. First,
the fusion power is, at present, restricted to ~ 1 GW due to the
divertor heat load requirements and the corresponding Troyon
coefficient is = 1.8, though the physics guideline for the upper limit is
2.5-3. If the fusion power could be raised further, higher plasma
performance will be attained. Note that the fusion power at the beta
limit is 2-3 GW. Second is the impurity and helium concentration in
the core plasma. This also has great impact on plasma performance
due both to the increased radiation from the core region and the fuel
dilution, which require still larger enhancement factor for
confinement.

2. Choice of Impurity Control Scheme

Many physics aspects must be carefully assessed to specify the
impurity control scheme for ITER. Requirements for impurity control
scheme for ITER are summarized as follows.
(i) Exhaust of non-radiated plasma healing power (i.e.,, alpha

and current drive power) ;
For this purpose, peak heat load on material plate will have
to be lower than ~ 10 MW/m^ for the engineering restriction.

(ii) Exhaost of ash helium gas ;
As shown later, the helium accumulation in the core plasma
has great impact on plasma performance, the allowable level
will be less than 10 %. Practicable pump speed will be less
than several hundreds rr\3/s for the engineering restriction.

(iii) Control of ingress of impurity ions into the core plasma ;
To suppress the large radiation power loss from the core
plasma and the accompanying fuel dilution, tolerable
concentration will be less than « 1 % for low Z and ~ 0.01 %
for high Z impurities.

(iv) Erosion of plasma facing components ;
The erosion rate must be compatible with the availability
requirement.

(v) Compatibility with other physics issues ;
Impurity control scheme must be compatible with other
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physics issues such as confinement enhancement (enhanced-L,
H-mode), range of plasma conditions and power injection,
fuelling,

(vi) Compatibility with engineering restriction ;
Space and power requirement should not be too large and
the divertor should not be too complicated and easily
repaired.

Based on the present experimental and modelling data base, it
was concluded that the poloidal divertor operating in the regime of
substantial localized recycling has the greatest potential for meeting
these requirements [3]. Followmgs are the general guidelines for the
poloidal divertor specifications employed in the concept definition
phase.

- Both double/single null configuration can be implemented.
- Divertor geometry ;

- open/semi-closed configurations
- ~ 0.4-0.5 m for null to plate distance
- plate inclination < 20°

- Several 100 m3/s for pumping speed.
- Low Z (C-based) material for divertor and first wall

protection in Physics Phase.
However, it was also recognized that the detailed guidelines of
diverlor were difficult to be specified, since the database on divertor
and edge plasma is not sufficient, thus Physics Phase of ITER will be
used for Ji& divertor optimization and for the development of
diveitor plate material for the successive Technology Phase. And the
divertor physics has been identified as major area for Physics R&D
for world tokamak program in next ten years.

3. Details of Power and Particle Control Issues

(1) Exhaust of plasma heating and current drive power :
Among 200 MW of a-heating power, 30-40 % is expected to be

radiated in the core plasma region by bremsstrahlung and
synchrotron radiation. In the divertor region, 5-10 % will be lost by
radiation or charge-exchanged neutrals. Thus, 100-120 MW of
power is assumed to flow into the divertor plate. Ratio of power flow
into inner and outer plate is assumed 1 : 4 in the double null divertor
configuration, so that 40-50 MW of power must be exhausted in the
outer divertor plate, which causes difficulty in divertor design,
(2) Power scrape-off width, peak power load and plasma
temperature at divertor plate :

Accurate prediction for these quantities are very crucial for
ITER design. Two dimensional numerical calculations for divertor
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and scrape-off plasma have been done extensively for this purpose,
and is shown that, in the case of L-mode like condition (%e=3m2/s,
Xi~D = lm2/s), peak power load is « 8 MW/m2 with half height width
of - 10 cm on the divertor plate inclined at 20° to the field line
projected onto the poloidal cross section, and the plasma temperature
at the plate decreases down to ~ 25 eV. This peak power load is
quite large and the model calculation shows that the peak load is
further high and amounts to ~ 15-20 MW/m2 if the H-mode like
condition (transport coefficients are reduced by 1/3 of the L-mode
case) is employed. Although the L-mode like condition is favorable
for the peak power load, compatibility with the assumed confinement
mode is unknown. In addition, these numerical calculations and also
simple scaling calculation show that these results strongly depend on
the density at the separatrix on the midplane, for which arbitrary
assumption is made in all of the numerical codes. This issue again
depends on the particle transport in the main plasma, and is still
uncertain at present. Furthermore, there are many physics
processes, which are not taken into account in the codes, so that
sufficient model validations are urgently needed for more accurate
prediction for ITER design.

(3) Possible solutions for high peak power load :
There are several possibilities, which could mitigate the large

peak power load and high plasma temperature on the plate
anticipated by the numerical predictions for ITER.

(i) Separatrix line sweeping ;
To reduce the time averaged peak power load on the plate,
separatrix line sweeping is studied and this method is shown
effective. For instance, graphite plate temperature can be
reduced down to 1400°C from 1800°C by ±15 cm on the plate
with 0.1 Hz for 17 MW/m2 of peak load. However, several
negative effects are anticipated at the same time, i.e., large AC
loss in the super-conducting coils, increase of power supply
system, and potential degradation of helium ash exhaust.
Further optimization to improve the sweeping will be continued
in the design study.
(ii) Higher radiation loss channel without degrading global
energy confinement ;
This possibility is very attractive to reduce the peak load and
moreover, seems indispensable for the future reactor.
Although, in many present divertor tokamaks, considerably
large fraction of power, e.g., 40-80 %, is lost by radiation before
reaching the divertor plate, it is not clear such a large
fraction of radiation loss power can be compatible with the
enhanced confinement in the core plasma of ITER. Physical
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characteristics of this possibility will be examined with large
emphasis in the design phase,
(iii) Divertor configuration ;
It is expected that the plasma temperature at plate and peak
load can be reduced when the distance from null point to
striking point is increased, or the divertor geometry is made
more closed to improve the flux amplification. This
possibility will also be examined in the design phase.

When the plasma temperature at the divertor plate can be decreased
below 20-30 eV with sufficient confidence by any of the above
possible methods or others, refractory metal can be used for divertor
plate.

(4) Helium Exhaust
Helium accumulation in the core plasma affect great impact on

the plasma performance due to the fuel dilution. In fact, when the
accumulation increases up to 10 % from 5 %, the required
enhancement factor increases by ~ 0.4, which requires the increase of
plasma current by 4-5 MA to maintain the same enhancement factor.
The accumulation is determined by two physics processes, i.e.
transport process in the core region and exhaust capability of neutral
helium gas by pump,
(i) Transport and accumulation of helium in core plasma ;

The accumulation level of helium in the core plasma region is
primarily determined by the transport process there, especially the
ratio of particle to electron thermal diffusivity D/xe, if the sufficient
pumping speed is prepared. In fact, if we assume D/xe=l/7 based on
JET result, the accumulation amounts to ~ 10 %. Active exhaust
method of helium from the core plasma is required to reduce the
accumulation level still low.
(ii) Exhaust of helium neutral gas ;

Necessary and sufficient pumping capacity must be installed to
keep the helium accumulation to the level, which is determined by
the intrinsic transport process in the core plasma. Preliminary two-
dimensional divertor code and Monte-Carlo helium neutral particle
transport code show that considerably large pumping speed is
necessary for this purpose, e.g., ~ 500 m3/s. This large required
value mainly comes from the dilution of helium particle flux to the
divertor plate due probably to the thermal force near the divertor
plate. This fact also causes fairly large tritium throughput, which is
very demanding engineering requirement. More careful assessment
by the well validated numerical code is urgently needed in this area.

(5) Engineering Related Issues
In the technology phase plasmas, plasma density is decreased

to enhance the current drive efficiency. In addition, applied current
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drive power must be exhausted together with the a-heating power.
This fact tends to increase the peak power load and plasma
temperature at the plate, which makes the use of refractory metal
difficult if based on the present simple prediction of divertor plasma.
On the other hand, erosion of graphite divertor plate is fairly large,
e.g., 6xlO"2 mm/hour of burn, which makes the life time of graphite
short in the technology phase. Although, at present, any confident
solution for plate material is not known, several possibilities
mentioned in (3) and also possibilities of other operation regimes will
be extensively studied in the design phase.

4. Conclusions

(1) Present data base of tokamak experiments gives moderate
confidence in envisaging power and particle control for ITER.
(2) The resulting predictions are that the poloidal divertor with
graphite armor is a marginal solution for Physics Phase but
unsuitable for the Technology Phase, while plasma performance is
still restricted by the limitation of divertor.
(3) The major edge and plasma facing component problems are (i)
steady state heat removal, especially with current drive power, (ii)
steady state erosion, (iii) disruption survivability.
(4) Helium exhaust is predicted to be demanding and this issue is
likely both a core and an edge problem.
(5) There is an urgent need for Physics R&D of tokamak
experiments and modelling on (i) scrape-off parameters at high
power, (ii) helium transport and exhaust condition, (iii)
characteristics of separatrix sweeping, (iv) viability of radiative edge,
(v) characterization and control of disruptions, (vi) validation and
improvement of modelling.
(6) Basic plasma-surface interaction studies of selected materials
are needed including erosion/redeposition.
(7) Development of alternative schemes for power and particle
control must be carried on simultaneously.
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Abstract

The radial charge-state distribution and transport of iron impurity ions in ohmically
heated TFTR plasmas has been determined by a detailed comparison of the x-ray spectra
obtained from a high resolution multi-chord crystal spectrometer with the predictions from
plasma modeling calculations.

I. INTRODUCTION

Metal impurity ions have detrimental effects on the performance of tokamak plasmas.
In fact, a substantial fraction of the radiative energy loss from the hot core of tokamak
plasmas can be ascribed to the x-ray line radiation from high-Z metal impurity ions. These
ions can also affect the current (or q) profile and, if their concentration exceeds certain critical
values, they can cause disruptions and thereby limit the maximum achievable current in
tokamak experiments. An understanding and control of the processes which determine the
radial distribution and transport of metal ions in tokamak plasmas is therefore important.

Unfortunately, the available experimental data provide only very limited information
due to the fact that most of these data have been obtained from single-chord spectroscopic
observations. Moreover, the predictions of the impurity ion charge-state distribution from
plasma modeling calculations suffer from uncertainties of the theoretical rate coefficients for
ionization, recombination and excitation which are used in these calculations.

In this paper, we make an attempt to determine, the charge-state distribution and radial
transport of iron impurity ions in ohmically heated TFTR plasmas from the spectral data
obtained with a multi-chord high resolution x-ray crystal spectrometer .

Iron was chosen for the following reasons: (1) the characteristic features of iron spectra
are well resolved, so that contributions from the different atomic processes of line
excitation are clearly distinguishable. This is in contrast to the spectra of titanium and nickel
where some of the features are blended as a result of the Z-dependent wave)enth shifts , (2)
the theory of iron spectra^ is very complete due to the fact that these spectra have been
widely used for the study of solar flares; and (3) iron is the most abundant metal impurity in
TFTR plasmas. This makes it possible to record iron spectra with good time resolution and
small statistical errors.

We have restricted the analysis to data from ohmically heated plasmas, in order to
neglect effects of charge-exchange recombination with neutral hydrogen, which are very
important in neutral-beam heated discharges. Thus, we have used the very detailed theoretical
data on excitation rate coefficients which were derived by Bely-Dubau et al.3 for the analysis
of solar flares. We find that a detailed comparison of simultaneously observed spectra from
different radial chords with synthetic spectra obtained from plasma modeling calculations
provides a sensitive test of the theoretical atomic data as well as the predictions of ion
transport. We believe that the analysis can now be extended to data from the more
complicated neutral-beam heated discharges.
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n. EXPERIMENTAL ARRANGEMENT

Figure 1 shows the experimental arrangement of two x-ray spectrometers on TFTR.

TFTR TEST CELL

TFColl
Vacuum Vessel

Beryllium Window
Curved Crystal

Helium Atmosphere

Borated Polyethylene

lead Bricks

Diagnostic
Basement

• Borated
Polyethylene
and Lead
Shielding

Collimator

Multiwire
Proportional
Counter

Fig. 1 Schematics of the TFTR
Horizaonal and Vertical
Spectrometers.

The multi-chord vertical spectrometer, which was used for the present measurements, is
located in the TFTR basement. It consists of five crystals and position sensitive detectors in
the Johann configuration. This makes it possible to observe simultaneously the entire
satellite spectra of heliumlike and hydrogenlike iron or nickel ions at nearly vertical sightlines
through the plasma. Since the Johann configuration is a focusing arrangement, the photons
contributing to different spectral lines are emitted from radial chords within certain cones
which intersect the plasma at different locations. The obtained spectra are very sensitive to
the radial metal ion charge-state distribution and to the profiles of the electron density and
temperature. The main parameters of the vertical crystal spectrometer are listed in Table 1.

The center of the TFTR vacuum vessel is at a major radius R = 265 cm. The maximum
minor plasma radius is a = 95 cm.
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TABLE I. Parameters of the TFTR vertical Spectrometer. Rw is the major
radius of the radial chord for the main spectral line; Rc is the crystal curvature
radius. Also listed are the observed metal ion, the Bragg-angle and the spectral
resolving power.

Rw(cm ) Ion Quartz Bragg-angle Rc(cm) X/AX

220
234
249
266
298

FeXXVI
FeXXV
NiXXVII
FeXXVI
FeXXV

2023
2023
2243
2023
2023

40.27
42.28
51.57
40.27
42.28

1045.8
1039.4
1013.1
1209.6
1009.8

11400
12700
18000
13200
12300

m. PLASMA MODELING AND DATA ANALYSIS

In order to test the atomic theory of iron spectra^ and the ion transport predictions
from a one dimensional Multi Ion Species Transport (MIST) code ', we have made a detailed
comparison of the observed spectral data with synthetic spectra. The MIST code solves a
coupled set of continuity equations for each charge state of a given impurity element taking
into account the various processes of ionizatkm and recombination as well as cross field ion
transport. The transport flux is parameterized by a single diffusion constant D and a
convective pinch velocity, which for the present analysis was chosen to produce an
equilibrium total iron density profile proportional to the electron density profile, npe(r) ~
ne(r). The code calculations are performed for measured electron density and temperature
profiles. Radial emissivity profiles are then calculated for each spectral line from the
computed iron ion charge state distribution using the rate coefficients given by Bely-Dubau et
31.3 for direct electron impact excitation, inner-shell ionization, and dielectronic and
radiative recombination. Chord integrals of the emissivity profiles E(p } are evaluated by
assuming cylindrical symmetry:

where p is the distance of the considered radial chord from the center of the plasma and a is
the minor radius of the plasma. To facilitate the evaluation of this integral, we represent E by<y
the least squares fit of a polynomial in p . This allows us to solve the integral in a closed
analytical form. The total intensity of a spectral line is then obtained by adding the
contributions from all the radial chords within a cone with pmjn < p < Pmax an(* by
multiplying this result with numerical factors which take into account the plasma area per
chord, the effective emission solid angle, the transmision of the beryllium window, the
integrated crystal reflectivity, the detector efficiency and the time of integration. Synthetic
spectra are constructed from the calculated line intensities by adding Gaussian profiles of a
certain Doppler width.
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IV. RESULTS

ID order to demonstrate the sensitivity of the vertical spectrometer we present results
from ohmically heated T.FTR discharges with relatively low central values of the electron
temperature and density as shown in Figs. 2 a and b. Under these conditions the highly
ionized charge states of iron are concentrated in a near central region of the plasma, so that
the two FeXXV spectrometers (with Rw = 234 cm and Rw = 298 cm, see Table 1) record
spectra at almost equal distances on either side of the plasma center, where gradients in the
ion charge-slate density profiles are very important. A3so shown in Fig. 2 are the MIST
calculated iron ion charge-state distributions for coronal equilibrium (D=0) and for a case
with ion transport (D = 2 m 's"1). These calculations were performed for the total iron
density profile of npe(r) ~ L 7 x 10 ne(r) which was measured by the X-ray Pulse
Height Analysis System.*5 The inserts in Figs, 2 c and d indicate the location of radial
chords for some spectral lines of FeXXV (\v: Is-* 1S0 - Islp-^Pj) and FeXXIII
(ß: Is22s2 *S0 - Is2s^2p *Pj). Note, that the direction of increasing wavelength, X,
is reversed for the two spectrometers. This strongly affects the relative intensities of the
observed spectral features.
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Fig. 2 (a,b) Radial electron temperature and
electron density profiles;

(c,d) Radial iron ion charge state
distributions computed by MIST.
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Figures 3 a and d show the observed spectra which cover the wavelength range from
1.8450 to 1.8810 A. The data have been accumulated from 11 ohmic discharges with nearly
identical parameters during the period of steady stale conditions from 2 to 5 sec, in order to
reduce the statistical error. Also shown in Fig. 3 are the synthetic spectra constructed for the
two computed charge state distributions shown in Figs. 2 c and d. The synthetic spectra
include 150 spectral lines. The lines of heliumlike iron, FeXXV, and the associated
lithiumlike satellites of FeXXIV are identified by Gabriels notation". The numbered peaks,
and features A and B, represent lines of berylliumlike and boronlike iron, FeXXIIÏ and
FeXXn^. The observed and synthetic spectra are in good general agreement, in particlular,
the heliumlike lines w, x, y, and z and the lithumlike satellites. Somewhat larger
discrepancies exist for the berylliumlike and boronlike features, where small wavelength
corrections of the order of AX = 0.5 mA and corrections by a factor of 0.6 for the excitation
rate coefficients of features A and B have been made. The best agreement between the
observed and the synthetic spectra is obtained for a diffusion constant D = 2irr/s.
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Fig. 3 Observed and Synthetic Iron Spectra.
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The observed total intensities are reproduced to within a factor of 2.5. It is clear that, in an
experimental arrangement as on TFTR, the shapes of the observed spectra are influenced by
the radial profile of the ion charge-state distribution. However, it is doubtful that the
previously observed anomalies" in the intensities of lines x, y, and z relative to line w of
titanium can be explained by these effects.

V. CONCLUSION

The comparison of the observed and predicted spectra indicates that the present model
gives a fair quantitative description of the iron ion concentrations in ohmically heated
tokamak plasmas. Given that the spectral data have been obtained from the edge region of the
iron charge-state distribution where gradients are important, these results are very
encouraging. In fact, the observed large variety of spectral shapes indicates that this
technique might provide a sensitive measurement of the impurity charge state density
gradients. In order to perform these measurements, it is necessary to determine the line
exitation rates very accurately. The vertical spectrometer is presently modified to measure
only iron and to obtain full radial profiles of the iron line intensities. The largest uncertainties
(of a factor of two) are uncertainties of the rate coefficients for ionization and recombination
which are used by the MIST code calculations. This implies that also the numerical value of
the diffusion coefficient can only be determined to within a factor of two. Use of the more
recent data on ionization rate coefficients by V. Jacobs et al. (who included additional
processes of autoionization) in MIST code calculations may change the obtained results on
transport. We intend to extend the anlysis to data from neutral-beam heated discharges. This
should make it possible to determine the changes of the ionization balance which are caused
by neutral, charge exchange recombination.
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Abstract

During electron cyclotron heating in the Texas
Experimental Tokamak, the concentration of metallic impurities near the
plasma center increased. !n the experiment, a 60 GHz predominantly O-
mode wave was launched from the low-field side of the tokamak plasma.
Approximately 100 kW (equivalent to 1/3 of the OH power) was deposited
within a few centimeters of the plasma major radius. From analysis of the
impurity behavior, it appears that the ECH induced both a substantial
increase in the edge impurity source and a modest reduction in the
inward impurity transport. Specifically, the edge source was increased
by as much as 40%, while for p>0.7, the impurity diffusion was increased
by 50%. The enhanced impurity diffusion occurs simultaneously with a
reduction in particle confinement and with an increase in plasma
potential.

INTRODUCTION

Electron cyclotron heating (ECH) in the Texas Experimental Tokamak
(TEXT) causes an increase in central impurity emission. This is principally due
to an increase in the edge impurity source. While studying the source increase,
we found that the ECH induces an increase in impurity diffusion for p > 0.7,
where p is the plasma radius normalized to the plasma boundary radius.
Although as yet unexplained, enhanced diffusion is correlated with shorter
working particle confinement time and increased edge plasma potential.
Further study of this phenomenon may lead to the isolation of an impurity
transport mechanism thus improving our understanding of impurity transport and
perhaps suggesting a mechanism for impurity control. The purpose of this
paper is to describe both the increase in source and the change in impurity
transport.
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EXPERIMENT

For these experiments, a 60 GHz, 95% O-mode electron cyclotron wave
was launched from the low field side of the tokamak into the midplane of a
sawtoothing, hydrogen plasma. The plasma major radius was 1 m, and the
minor radius was limited to 0.26 m by a full aperture, poloidai TiC-coated
graphite limiter. The toroidal magnetic field, B<j> = 2.2 T, was selected to provide
a central ECH resonance. The plasma current was 200 k.A, and the chord-
averaged electron density was 2x1019 rtr3.

During ECH an additional 100 kW of power (equivalent to 1/3 of the OH
power) was deposited in the plasma. A ray tracing calculation1 which includes
only single pass absorption predicted that all of the power was deposited within
p = 0.5, while half was absorbed within p = 0.2.

ECH increases the electron temperature, but to the degree of accuracy
required for interpretation of impurity behavior, the shape of the Te profile is
unaffected. The centra! electron temperature is increased by about 200 eV to
1100 eV. The behavior of the chord-averaged electron density depends on
vacuum vesse! wall conditions: For clean walls, the electron density drops by
about 10%, while with dirty walls, the density either remains constant or
increases. In the former case, the confinement time for working gas particles is
reduced. The ECH also induces an increase in central impurity concentration.
The piasma potential was measured with a heavy ion beam probe.3 During the
ECH pulse, the potential becomes less negative.

The evidence for an increase in concentration of ambient impurity in the
plasma center is quite convincing. The typical behavior of a centrai, metallic
impurity is shown in figure 1. Both the impurity emission increase which is
observed after ECH is turned on and the decrease after ECH is turned off occur
on a time scale that is characteristic of impurity transport in TEXT OH
discharges. (The measurement of the transport time scale is described in the
next section.) After the ECH is turned off, the impurity emission returns to its pre-

tn
v>

-*— ' '

1.5

1.

.5

0 20 40 60 80 100
time (ms)

Figure 1. Typical chord-averaged emission from the 2s22p(2P1/2-2P3/2)
transition of Ti+17 during ECH. ECH is turned on at t = 0 and off at t = 50
ms. The observed central impurity increase can be simulated with a 40%
increase of the edge source.
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ECH value on a time scale which is slower than either the time scale for atomic
processes or the time scale of the electron temperature decay. The impurity
emission increase is thus due to an impurity concentration increase rather that
to an ECH-induced variation in electron temperature or density. These results
are consistent with an increase in the edge impurity source during ECH, and
there is some indication that the central impurity transport is unaffected by ECH.
Still it is difficult to draw conclusions about impurity transport and impurity
source from ambient impurity data such as this, and more detailed analysis is
required.

ANALYSIS OF THE IMPURITY BEHAVIOR

The impurity behavior during ECH wili be interpreted as due to a change
in the edge impurity source and a change in impurity transport. Characterization
of impurity transport required an additional set of experiments. A small quantity
of a test impurity was injected into the plasma, and the time evolution of the
emission from various stages of ionization was observed. In a simulation of this
type of experiment using CHAPO2, the UT transport code, the transport flux, r,
was assumed to be of the form

where nz is the density of impurity ionization state z, r is the plasma radius, a is
the limiter radius, D is a diffusion coefficient and V is the inward-directed
convective velocity. The impurity transport for a particular discharge is
characterized by finding D and V such that the impurity emission predicted in the
simulation agrees with that observed. These two parameters were determined
before ECH was turned on, at various times during the ECH pulse, and after
ECH was turned off. Scandium was chosen as the injected test impurity since it
may be expected to transport much like the impurity of principal interest,
titanium. The simulation was also used to test the sensitivity to uncertainties in
Te and ne. With the transport thus well defined through determination of D and
V, an additional simulation which employs those parameters can be used to
estimate the ECH induced source change by reproducing an ambient impurity
observation such as that in figure 1.

An example of the result of the injection experiment is shown in figure 2.
The figure shows two sets of data for Sc+12. In one case, the impurity was
injected into an ECH discharge, while in the other, the impurity was injected into
a similar discharge without ECH. The principal difference in the two cases
occurs during the decay of the emission signal. The decay times differ by about
40% with the more rapid decay occurring for the ECH case. The ions studied in
this way were Sc*10 through Sc*18. The decay time differences vary smoothly
from about 50% for Sc+1° to zero for Se-!-17 and Sc*18. The daia for Se*18 is
shown in figure 3. For reference, the Sc4"12 ion density peaks near p = C.7, and
the Sc+18 ion density peaks near p = Ö.

A sample of the simulation results are shown in figure 4 for the OH
discharge and for the ECH discharge. In addition, there are results for the ECH
discharge with variation of D to demonstrate the sensitivity of the results to
choice of D. From a comparison of figures 2 and 4, it follows that without ECH, D
= 1.0 m+2S"1 and with ECH D = 1.5 m+2s-1. ECH appears to increase the
diffusion coefficient by about 50% for Sc+12. Clearly, there is a change in the
edge impurity transport.
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Figure 2. The observed time evolution of the chord-averaged emission
from the 2s22p5(2P3/2-2Pi/2) transition of Sc+12 following injection of a
short puise of scandium into an OH discharge (- - ) and into an ECH
discharge (——). In ECH discharges, the Se*12 emission decays more
rapidly than in OH discharges.
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Figure 3, The observed time evolution of the chord-averaged emission
from the (2s 2S - 2p 2P) transition of Sc+18 following injection at t = 0 of a
short pulse of scandium into an OH discharge (—-) and into an ECH
discharge (——). The portion of the signal omitted just after injection
contains interference from a low ionization stage of Sc. There is no
apparent difference in the emission time decays for the two cases.
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Figure 4. Simulation of the chord-averaged Sc+12 emission following
injection of scandium. OH and ECH discharges with various transport
coefficients are simulated: OH ne and T9 profiles, D = 1.0 m+2s-\ V = 10
m/s (- -); ECH profiles with V » 10 m/s and for various D (—).

Transport variation is not the only possible cause for the observed
difference in decay time. Qualitatively, at least, the observed difference might be
traced to uncertainty in the atomic rates due either to errors in measurement of
the ECH-induced variation in T0 and n6 or to underestimate of the ECH-induced
enhancement of the population of non-thermal electrons. Using simulations,
both of these were eliminated as possible causes for the decay time difference.
This leaves transport as the principal causal factor.

Using the transport coefficients determined in the laser injection
experiment, the ECH induced source can be inferred from simulation. In a time
dependent simulation, the ECH power was deposited spatially according to the
prediction of a ray-tracing code.1 The power deposited was adjusted to produce
the observed increase in electron temperature. To reproduce observations such
as those in figure 1, it was then necessary to increase the edge impurity source
by approximately 40% during ECH.

In TEXT, the ECH-induced changes in edge impurity source and in
impurity transport were studied by comparing observations of ambient impurities
with observations of injected test impurities. During ECH, there is a net increase
in impurity concentration in the plasma center which is due to a substantial"
increase in edge impurity source. Centra! impurity transport is unaffected, but
there is an increase in impurity diffusion for p > 0.7. Further study of this result
may lead to the isolation of an impurity transport mechanism and perhaps even
to suggestions for impurity control.
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Abstract

Intrinsic impurity behavior and transport properties in neutral
beam heated L- and H- mode PBX tokaraak plasmas has been studied with a
variety of impurity diagnostics. Central impurity accumulation is most
often observed in H-mode discharges and sometimes results in a thermal
collapse (rapid decrease of both ion and electron temperature) due to high

ocentral metallic radiation (~1.5 Wem ). The accumulation is evident
from peaked Zef{ and radiated power profiles and further substantiated
from specific VUV and X-ray spectroscopy measurements. It is shown that
impurity accumulation is neither unique to or inevitable in H-mode
discharges, and it can be suppressed by sufficient gas puffing. Central
accumulation is also seen in L-mode plasmas even with co-injected neutral
beams. This usually occurs at high beam power and relatively low density.
While there is no difference in the degree of accumulation between L- and
H-mode discharges, the Zc// profile itself is more peaked in the H-mode
due to flatter electron density profiles in H-mode plasmas than L-mode
plasmas. The degree of accumulation increases as Ze// itself increases
and is qualitatively explained by neoclassical convection and diffusion
flux terms driven impurity-impurity collisions in addition to the usual
impurity-plasma ion contirbutions.

Introduction
Recent results from the ASDEX experiment indicated that strong

impurity accumulation was unavoidable consequence of the "burst-free
H-mode. It is not clear, however, that this catastrophic metallic
accumulation is inevitable in H-mode plasma, or that it is purely an
H-mode phenomenon. We have carried out a series of observations to

1 Present address: Institute of Plasma Physics, Nagoya University, Nagoya.
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produce H-mode plasmas without catastrophic impurity accumulation in PBX.
In this paper, we describe two topics; 1) suppression of impurity
accumulation in H-mode plasma, and 2) comparison of impurity accumulation
in L- and H-mode plasma.

Suppression of Impurity Accumulation in H-mode Plasmas
We wish to briefly describe the effect of gas puffing on central

impurity accumulation. As an example of the effects of varying gas puff,
Fig. Î shows the time evolution of the inverted visible continuum
profiles and the central Ze// value for one discharge whose gas flow was
cut off to zero at the onset on neutral injection at t = 400 ms, and
another in which a constant gas feed rate of ~ 8 toll liter/sec was
sustained throughout the discharge. Both discharges compared have had
Ip~350 kA, Pin/~2.5 MW (t^l-400-700 ms), and Rpi = 147 cm, the only
differences being in the gas feed were from the consequent impurity
behavior. As seen in Fig. 1(a), the discharge with truncated gas feed
shows a significantly peaked visible bremsstrahlung profile, and the
central Zeff value reaches up to ~ 8 at the end of the beam heating phase,
well after the H-mode transition. Central impurity increases are
significantly suppressed in the case with constant gas puff, as seen in
Fig. 1(b). Here, the central Ze// reaches at most 4 by late time in the
discharge.

-700

-T-t-r-r-j
400 500 600

TIME (ros)
700

T—r—r—r—i—|—ï—i—i—r~
400 500 600 700

TIME ( m s )

Fig.! Tine evolution of the visible bremsstrahlung and the central Z.//
for discharges with no gas puff during NBÎ (a) and vith moderate gas
puff after 400 ms (b).
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As indicated in Fig. 2, the central electron density in each gas
puff case increases almost linearly in time after the H-mode transition,
but the plasma ion density, estimated from the measured Ze//(0) and
central impurity densities, shows a substantial decrease and finally drops
to less than 40 % of the electron density. In the case with constant gas
puff, however, the reduced impurity content leads to the proton density
remaining at least 70 % of the electron density. We also indicate in Fig.
2 the rapid rise in central nickel density in the no-gas puff case
compared to the constant gas feed case. The metallic concentrations
differ by a factor of ~ 3, and often leads to a decrease in the electron
temperature for the case with little gas feed. While the electron density
increases in a roughly linear fashion in time after the H-mode transition
and is relatively uneffected by changing gas fuelling rates, the impurity
behavior is strongly influenced by changing fuelling rates.

500 600
TIME (ms)

500 600
TIME (ms)

Fig.2 Time evolution of the central electron density, proton density
estimated from Z«y/(0), electron temperature, and nickel
concentration (measured from PHA measurements) without gas puff (a)
and with moderate gas puff (b) after 400 ms.

Comparison of Impurity Accumulation in L- and H-Mode Discharges
It is worthwhile to compare H- and L-mode plasmas with equivalent

impurity levels to explore underlying connections between the cases. We
examine here four distinct types of discharges produced in PBX L- or
H-mode with low or high Ze// levels. As seen in Fig.3(a), the Ze// profile
is flat before the H-mode transition (tirans-510 ms ), while it becomes
quite peaked well after the transition. However the Ze// profile shows no
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Fig.3. Z,// profile for the discharges yith (a) H-rcode impurity
accumulation case, (b) H-mode impurity non-accumulation case, (c)
L-raode impurity accumulation case, (d) L-inode impurity
non-accumulation case.

centra] peak in the case where the central value of Ze// is suppressed by
gas puffing. As shown in Figs.3(c) and (d), very similar results are
obtained for L- mode plasma, indicating that the impurity accumulation is
not an H- mode specific phenomenon. Since the contribution of metallic
impurities to the value of Ze// is usually small, the Zeff profiles in
Fig.3 mostly represent the low- Z impurity spatial distributions.

On the other hand, the radiated power losses from the hot plasma core
are due mostly to incompletely inonized metallic impurities, and the
central radiated power profiJe give a good indication of the metal
impurity profiles. Figs 4 (a)-(d) show the radiated power profiles for
the four cases of interest H- mode and L-mode plasmas are obtained with
and without strong central accumulation. In the peaked cases, the
radiation profiles are more peaked by a factor of 5 or so above the Ze//
profile. The radiative energy losses themselves are most severe in the
accumulated H-mode case, Fig.4(a), due to both the higher electron density
and higher impurity levels. Solid and dashed lines shown in Figs.3 and 4
are calculated profiles with the MIST transport code for the indicated cu
values.
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For the purpose of comparing a large number of discharges for trend
in impurity accumulation, it is convenient to define an effective impurity
density nÎ (r)(=-(Ze//(r)-l)n«(r)) which we then model with a coresponding
peaking parameter by getting the best fit to n| exp (-czr2/a2) When
the Zeff profile is flat, the total impurity density profile is roughly as
peaked or broad as the electron density profile. It is of interest later
to define the normalized peaking parameter c<v (= cz/ca ) as a measure of
how centrally peaked the Ze// profile itself is. Here, cn is the peaking
parameter obtained by fitted the measured electron density profile to a
Gaussian ne(r)œexp(-cnr2/a2) . For a plasma with a flat Ze// profile, cw =
1. For a relatively large number of discharges of both L- and H-type,we
find that the impurity peaking factor depends most strongly on the value
of Ze//(0). This shown in Fig.5(a), where we plot the fitted C2 as a
function of Ze//(0) for a collection of discharges for which Thomson
scattering plasma profiles were available.

While no obvious difference between L- and H-mode plasmas exists in
the degree of impurity profile peaking, a clear distinction between the
two types of discharge is found in the normalized peaking parameter CM.
To see this we plot the value of en as a function of Ze//(0) in Fig.5(b)
for the same data as in Fig.5(a). Here, the H-mode plasmas are seen to
have a consistently higher value of CN than L-mode discharges. This
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difference arises from the fact that the H-rnode plasmas in general have
broader electron density profiles than those obtained in L-mode cases.
This leads to broader Ze// profiles in L-mode plasma although the impurity
spatial distribution itself appears to be unrelated to whether the
discharge is in a L- or H-mode condition.

The dominant criterion for the
degree of central accumulation in
PBX, regardless of L- or H-mode
discharges, appears to be the
clearliness of the plasma itself,
with more intense peaking of
impurities in the center occuring in
plasmas with higher Ze//. This
suggest that, in PBX at least, the
reduction of impurities in H-mode
plasmas involves the usual concerns
of controlling and reducing.the
influx of impurities from the plasma
edge.
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Fig.5 Impurity profile peaking paranieter cz and
normalized peaking parameter CN vs. central
Ztff for L-mode {open circles) and H-mode
(closed circles) discharges.
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Abstract

Impurity transport during the H-mode phase in JFT-2M was studied
by using the spectroscopic measurement. In the quiescent H-mode
(H-mode without ELM's) phase, both metal (titanium and iron) and light
(carbon) impurity ions were accumulated in the plasma due to the
enhanced particle confinement. From the comparison between in the
deuterium discharges and in the hydrogen discharges, the impurity ions'
accumulation was less pronounced in the hydrogen discharges due to the
difference of the enhancement of the particle confinement in both
discharges. In the H-mode with ELM's, impurity ions' accumulation was
less pronounced compared with those in the quiescent H-mode phase.
This is due to the exhaustion of the impurity ions by the ELM's. In the
improved L-mode phase, impurity ion density profile became a
centrally-peaked which was concerned with the sawtooth oscillation.

1. Introduction
In JFT-2M, the characteristics of the high confinement mode (H-mode)

have been studied in the various plasma conditionsflj. The results of these
studies indicates that the quiescent H-rnode (H-mode without ELM's)
phase was terminated by the large increment of radiation losses during the
quiescent H-mode phase. Thus, it appears that the impurity problem is one
of the most serious problem to obtain the longer duration of the quiescent
H-mode phase.

In this paper we present the experimental results concerned with the
impurity behavior during the quiescent H-rnode phase by using
spectroscopic method in JFT-2M,

2. Apparatus
The JFT-2M tokamak has a D-shaped vacuum vessel made of the

stainless steel with a major radius of 1.31m and minor radii of
axb=0.475x0.595m. Both the iimiters and the diverter plates are made of
graphite. And the inside wall of the vacuum vessel is covered by the
graphite plates. Titanium gettering is used to obtain the clean plasma. So,
the main light impurity species is carbon and the metal impurities such as
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iron and titanium are not negligible in the JFT-2M plasma. Two heating
neutral beam (NB) are injected near tangentially (both co- and
counter-injection). The acceleration voltage is about 34kV and the
maximum power is 0.8MW of each.

The impurity behaviors were measured by using the 3m grazing incident
monochromator (3-60nm) and the radial profiles of the line emission were
measured by tilting the monochromator. The visible monochromator was
also used to measure the H-like carbon line (CVI, 343.4nm) excited by the
charge exchange recombination (CXR). The radial profiles of the radiation
losses were measured by the bolometer array. The radial profiles of the
electron temperature and the electron density were measured by the
Thomson scattering apparatus. The electron cyclotron emission (ECE) was
also used to measure the radial profile of the electron temperature. The
line-averaged electron density (ne) was measured by 2mm ^ i - w a v e
interferometer and 3-channel FIR interferometer.

3^ Experimental Results
3_J Comparison between the hydrogen and deuterium discharges

In the previous experiment, both metal and light impurity ion
accumulated in the quiescent H-mode phase[2] due to the enhanced
particle confinement and these impurity behaviors were almost the same
in both the diverter and limiter configuration plasmas with NBI and/or
ICRF heating. However, details of the impurity transport is now studying.

Figure 1 shows the time evolutions of the plasma parameters in the
hydrogen and the deuterium discharges with the quiescent H-mode phase.

Fig.1 Time evolution of the plasma parameters during
the quiescent H-rnode phase in the hydrogen(so!id lines)
and the deuterium (dash line) discharges.

650 700 800
t (ms)
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In the hydrogen discharges increments of ne and in the H-mode
phase were less than those in the deuterium discharges. The one-turn
voltage in the hydrogen discharge did not increase during the H-mode
phase. The electron temperature at the plasma periphery is about the same
in both discharges. The stored energy in the hydrogen discharge did not
decrease at the end of the H-mode phase in comparison with that in the
deuterium discharge.

Figure 2 shows the radial profiles of radiation losses which were the
line-integrated value during the OH, L- and H-mode phase in both
discharges. During the OH and L-mode phase, the radiation losses have a
hollow-profiles and the intensities were about the same in both discharges.
But during the H-mode phase the radiation loss profiles became a
centally-peaked in the deuterium discharge although they did not change
in the hydrogen discharges and the intensity at the center in the hydrogen
discharge was about the half in the deuterium discharges.

2.5

2.0
3 1.5 -

1.0

D plasma A

Plasma Center
Oivertor

2 5 10 15.- 1820 25 28
Low Up

Channel Number v

Fig.2 The radial profiles of the line-integrated radiation losses during the OH, the L-
and the H-mode phase in the hydrogen(so!id lines) and the deuterium (dash line)
discharges.

The intensities of the highly ionized metallic ion lines such as FeXVIII
were about the half of those in the deuterium discharges, although those
of the less-ionized ion lines were about the same in both discharges as
shown in Fig.3. The intensity of the CVI line excited by CXR in the
hydrogen discharges is also about the half of that in the deuterium
discharges although the intensity of the CIV line is about the same in both
discharged. This indicates that the fully ionized carbon ion density at the
plasma center in the hydrogen discharges were about the half of the
deuterium discharges during the H-mode phase.

In order to understand the difference of the impurity behavior between
in the hydrogen and the deuterium discharges during the quiescent
H-mode phase, the radial profiles of iron ion densities in both discharges
were estimated by using the radial profile of the iron ion lines and the
radial profile of the electron density and electron temperature measured
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Fig.3 Time evolution of the emission of the impurity ion lines during quiescent H-mode
phase in the hydrogen(so!id lines) and the deuterium (dash line) discharges.
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Fig.4 The radial profiles of the iron ion densities (Fe17+ and Fe9+) in the hydrogen
and the deuterium discharges.

by the. Thomson scattering method. The excitation rate coefficient used in
this experiment is proposed by Mewe and the Abel inversion is also used
to obtain the emissivity of the spectral lines. Figure 4 shows the radial
profiles of the Fe^+ and Fe^+ ion densities in the hydrogen and the
deuterium discharges. The less-ionized ion density (Fe^"1") is the same in
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both discharges but the higher-ionized ion density (Fe^ + ) in the
deuterium discharge was about twice as large as those in the hydrogen
discharge. These experimental results indicate that the influx of both
discharges is about the same but the difference of the higher-ionized ion
density in both discharge is due to the difference of the particle
confinement in the core region of plasma.

3.2 Impurity behavior in the H-mode phase with ELM's
Figure 5 shows the time evolutions of the plasma parameters during

the H-mode phase with ELM's. In this phase, ne at the center and the
periphery of the plasma, and PRSCJ increased slightly compared with in the
quiescent H-mode phase and were saturated. The one-turn voltage did not
increase during this phase. On the other hand, the increment of the stored
energy is less than that in the quiescent H-mode phase.
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Fig.5 Time evolutions of the plasma parameters
during the H-mode with ELM's.
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Figure 6 shows the typical time evolutions of the emission of the
impurity ions. The emissions of the less ionized ions (CIV and TiXI) have
well correlation with the Ha/Da signals. On the other hand the emission of
the highly-ionized ion (FeXVIII) has a inverse correlation with the Ha/Da

signals. These experimental results indicate that the impurity ions were
exhausted to the outer region of the plasma by the ELM's and the impurity
ions' accumulation was suppressed by the ELM's.
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Fig.6 Time evolutions of the emission of impurity ion lines during the H-mode phase
with ELM's.

3.3 Impurity behavior during the improved L-mode phase
Figure 7 shows the time evolution of the plasma parameters in the

improved L-mode phase [3]. This mode was obtained in the deuterium
plasma with He-beam injection and the transition occurred after L-H-L
transition. After H-L transition, Ws^a and ne near the plasma center

8, • 1.31 T , lP-750kA,i;SN
-r-i—rr~

600 700 BOO
I (mil

Fig. 7 Time evolutions of plasma parameters during the improved L-mode phase.
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increased gradually with time. On the other hand, ne at plasma periphery,
P R ad an{* tne Ka/Da signal were almost constant with time in this phase
and the one-turn voltage decreased gradually with time. These time
evolution indicates that the electron density profile became a
centrall-peaked in this phase.

Figure 8 shows the time evolutions of the emissions of impurity ions in
this phase. The emission of less ionized ions (TiXI, CIV and CV) were
almost constant with time in this phase. The emission of medium ionized
ions (TiXV and CVI) which increased with time during the quiescent
H-mode phase, were also constant with time in this phase. On the other
hand, the emission of the highly ionized ion (TiXX) emitted near the plasma
center increased about 2 times compared with that in the H-rnode phase.
These time evolution indicate that the impurity ion density profiles
became very sharp and centrally-peaked.

•f -\~^—— L^______
j npi <ht",l-Co , PB» - OjSMtf [

Fig. 8 Time evolutions of the emissions of impurity ion lines during improved L-mode
phase.

This mode was terminated by the large sawtooth oscillation observed in
the emission of highly ionized ions. This experimental result indicates that
the peaked density profile was essential for this mode and by the sawtooth
oscillation this peaked profiles destroyed and this mode was terminated.

4. Summary
In JFT-2M, the impurity transport during the high confinement mode

phase was studied by using the spectroscopic method and following results
were obtained;
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1. Both light and metallic impurity ions accumulate in the quiescent
H-mode phase due to the enhanced particle confinement.
2. In deuterium discharges, enhancement of the particle confinement is
more pronounced than in hydrogen discharges.
3. During the H-mode phase with ELM's impurity ions' accumulation is less
pronounced then during the quiescent H-mode phase due to the particle
exhaustion by ELM's.
4. In the improved L-mode phase, impurity ion density profile became
narrow and centrally-peaked which was concern with the sawtooth
oscillation.

ACKNOWLEDGEMENTS

Authors would like to thank all the member of JFT-2M operation
group. They are also grateful to Drs. A.Funahashi, Y.Tanaka, M.Tanaka,
S.Shimamoto, M.Yoshikawa and S.Mori for their continuous encouragement.

REFERENCES

[1] N.Suzuki, et al.: in Plasma Phys. and Controlled Nucl. Fusion Res. (Proc.
12th Int. Conf. Nice, 1988)- IAEA-CN-50/A-II-3 (1988).
[2] H.Ogawa, Y.Miura and S.Kasai: Rev. Sei. Instrum. 59 (1988) 1506.
[3] M.Mori et al.: Nucl. Fusion 28 (1988) 1892.

114



IMPURITY PROBLEMS RELATED TO ICRF HEATING
ON THE JIPP T-IIU TOKAMAK
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Abstract

In the JIPP T-IIU tokamak, a high power ICRF heating experiment
has been conducted up to an extremely high power density ( ~ 2iW/m3 )
with the total rf power of Pr/=2iW. Much attention has been paid to
an impurity problem, and it has been found that a) the adoption of low-Z
materials as the limiter, b) in siiu carbon coating (i.e.,
carbonization) and c) the adequate gas-puffing synchronized to the rf
pulse are very effective to suppress the radiation loss. In combination
with these methods, a remarkable reduction of the metal impurity
(especially an iron) has been achieved, suppressing the total radiation
loss less than 30~40% of the input power. Our five-element antenna
system can provide an elaborate kp-tailoring. It is found that the
effect of fcs-tailoring on the impurity problem is unexpectedly small.

I. Introduction
In the JIPP T-IIU tokamak (R/a = 0.9îm/0.23m with a circular cross

section and BT = 3T), the high power ICRF heating experiments up to 2
MW have been conducted with the mode-conversion heating scheme, where
the applied wave frequency is 40 MHz, and the deuterium plasma with
10% hydrogen minority ions is employed[l). At the high-field side six
loop antennas are installed, and the phase of the rf wave for each
antenna can be controlled as desired. Impurity problem related to
ICRF-heated plasmas has been intensively studied on the following
issues; (i) a proper conditioning of limiter/wall materials, (ii)
gas-puffing synchronized to the rf pulse and (iii) fcs-tailoring by the
antenna phasing.

II. Radiation loss with different limiter/wall conditions
Figure 1 shows the dependence of radiation power on the input rf

power for various conditions of the limiter/wall surface. One can see
that the radiation loss is strongly depend on the limiter/wall
condition. The carbonization technique has, consequently, allowed us
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1.0
Prf(MW)

2.0

Fig. 1 Total radiation loss as a function of the rf poyer for various
wall/limiter conditions; (i) the stainless steel limiter, (ii) the
carbon limiter without carbonization, and (iii) the carbon limiter
with carbonization. The plasma current is larger than 200 kA for
all cases, except data denoted by "A", where Ip-150/cA.

to inject the rf power as high as 2MW without significant degradation
of plasma parameters. As a result the radiation power during the rf
pulse is suppressed to be 30-40% of the total input power.

Even for carbonized plasmas the radiation loss become large again
at Ip = 150 kA drastically, as shown in Fig. Î> while at IP > 200 kA
the radiation loss does not depend on the plasma current. The minimum
energy EB;n of the loss cone at r/a=»0.5 is 9.6 keV for Ip=lSOkA and 20.7
keV for Ip=220fcA, respectively, suggesting that the enhancement of
radiation loss at the low plasma current may be attributed to the
sputtering induced by high energy ions.

Figure 2 shows temporal evolutions of the radiation profiles for
two cases. Without carbonization, a remarkable increase in the
radiation power, especially at the plasma center, can be seen, while
with carbonization, the radiation power is suppressed at the
sufficiently low level. Particularly in the center region, the
radiation power is ~ 0.2iW/m3, which is about on tenth of that without
carbonization.
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Fig. 2 Radiation loss profiles E(r) measured by a 12-channel bolometer
array (a) without and (b) with carbonization for Prj - 1.2 W.

The effect of carbonization on each impur ity species is inferred
from the change in the intensities of prominent lines. To identify
the species which had dominated the radiation power, we observed various
VUV lines of carbon, oxygen and iron with and without carbonization.
For several prominent lines the intensity ratios of carbonization
plasmas to no carbonization ones are plotted in Fig. 3. One can see a
drastic change in the power radiated through the iron lines over a wide
range of ionic state. With carbonization the intensities decrease to
be 1/20 in average. In oxygen lines the intensities also decrease by
a factor of 3~5, while the intensities slightly increase in carbon
lines. It. is concluded that the radiation loss due to iron impurity,
which iff dominant in plasmas without carbonization, is drastically
reduced with carbonization, resulting in the remarkable reduction of
the total radiation loss.
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Fig. 3 Intensity ratio of carbonization plasmas to no carbonization
ones', I (with carbonization)/I (without one). Various VUV lines for
iron, oxygen and carbon are compared.
*) read as FeXXIV 192 A line.
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III.. Gas puffing and edge recycling
In high power ICRF experiments we perform gas puffing synchronized

to rf pulse for the plasma to be stabilized, in addition to the
unavoidable density increase due to the rf heating. The remarkable
increase in the density likely influences the thermal structure
particularly in the outer region of the plasma column. Study on the
thermal structure may give a clue for understanding the plasma stability
and mechanism of the impurity release.

Intending to watch the outer plasma region, we observed oxygen
lines in VUV wavelengths to deduce the local electron temperature and
density[2j. The electron temperature can be derived from the intensity
ratio of dipole-transition lines of the same charge state for 0 IV-VII
ions. Figure 4 shows the time behaviors of the line intensity ratios
of 0 Y and VII. We can see that the local electron temperature deduced
from 0 IV - VI rapidly drop in coincidence with the gas-puffing. ( Data
for 0 IV and VI are not shown. ) While, the electron temperature from
0 VII does not change with the gas-puffing, but begins to increase when
the rf pulse is switched on. These characteristics are confirmed with
Thomson scattering measurement. The region where 0 IV-VÏ ions are
abundant is about r/ct>0.8~0.9. These experimental results suggest that
the gas-puffing is very effective to suppress the impurity release from
the wall, by reducing the electron temperature at the outer region

Gas Puff ._
RF

cr
inc

time(ms)

Fig. 4 Time behaviours of line intensity ratios of 0 V and VII measured
by a VUV spectrometer. (b) with carbonization). Local electron
temperatures are presented for 0 V, but it is not straightforward
to deduce the electron temperature 'for 0 VII, while the intensity
ratio has a positive dependence on the electron temperature.
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r/a>Q.8~Q.9. Of course, the major contribution to the suppression of
the total radiation loss comes from replacing or covering the
limiter/wall with a low-Z materials, just like a carbonization.

Another role of the gas-puffing is to control the plasma
disruption. Concerning to the amount of the gas-puffing, there exists
a narrow window. Excessive or too small amount of the gas-puffing
brings the plasma to the disruption. This window is strongly sensitive
to the limiter/wall condition, too. As confirmed experimentally in
Fig. 4, the gas-puffing makes the electron temperature lower at the
outer plasma region. The mechanism to avoid the disruption will be,
then, explained by the tailoring of the current density profile at the
outer region[3].

IV. Antenna Phasing
The antenna phasing experiments have been, at first, carried out

at a relatively low power Pr/"0.65MF, with carbonized wall. Figure 5
shows fcj spectra for two cases Ap^O./r, respectively, taking the
antenna-plasma coupling into account[4]. Contradicting other
experimental results[5], our phasing experiments have not been
successful in achieving any great improvements. Figure 6(a) show the
total radiation loss as a function of phase difference Ap, and in
Fig. 6(b) the spatial profiles are presented for Ap-0,7r, showing no
significant differences. Spectroscopic data are also shown in Fig. 7
for typical light/metal impurities. Their increments are unexpectedly
independent of the phasing angle. From these data, we find that the
antenna phasing is not very useful in the suppression of impurities.

0.
0. 10.

fc// (m'1)
20.

Fig. 5 k, spectra coupled to the plasma for Ap-0 and Ap-7
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Fig. 6 (a) the total radiation loss as a function of phase difference
Ap, and (b) the radiation loss profile for the two cases of Ap-Q
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In high power Pr/=l.5-2.0jW phasing experiments, the differece
by a factor of two has been observed in metal impurity signals, while,
light impurity and bolometric signals were insensitive to the phase
difference, as shonw in Fig. 8. This is interpreted that, since the
light impurity is dominant for the radiation loss in carbonization
plasmas, the contribution of the metal impurity to the total radiation
loss is very small, even if the metal impurity is changed by a factor
of two. It seems that at high power ICRF experiments A<p=7t phasing is
slightly effective only to suppress the metal impurity, giving a clue
for the mechanism of the impurity release.
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IMPURITY CHARACTERISTICS IN JT-60
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Abstract

Impurity concentrations and Z^tt values have been investigated in the
plasmas with TiC-coated molybdenum walls and with graphite ones. Zerf values
and light impurity, oxygen and carbon, concentrations of the plasmas with
TiC-coated molybdenum walls were lower than those with graphite ones. In the
outer X-point NB heated plasmas, the Zeff value was 1.6 on the TiC-coated
molybdenum walls and 2.2 on the graphite ones at the line averaged electron
density nT of 4xl019 m "3. And, titanium concentrations were so low that it
had almost no influence on the Zerf values.

1. Introduction
In the fusion plasmas, radiation loss and fuel dilution caused by impurity

ions are the big problem, and it is one of the important issues what wall
materials we should choose. So, it is useful to investigate the impurity
characteristics for the plasmas with various wall materials and configurations.

As shown in Fig.l, experiments of JT-60 were started at April 1985 on
metallic walls ( TiC-coated molybdenum divertor plates and limiters, and
TiC-coated inconel liners) with outer X-point and limiter configurations. At
June 1987, nearly 40 percent of the first walls, including divertor plates, was
changed with graphite ones. On the other hand, lower X-point configuration has
been available from May 1988.

In this paper, impurity characteristics of these plasmas are investigated
mainly with spectroscopic measurements, and impurity concentrations and Zeff
values with the metallic walls are compared with that of the graphite ones in
the outer X-point configuration. And,these values of the lower X-point
discharges are also measured,
2„DIagnostics

Zeff values were measured by visible bremsstrahlung and soft x-ray PHA
.system [1] . Impurity lines were measured with 3-m grazing incidence
monochromator, which is absolutely calibrated at 40.7 A, 243 A, 972.5 A and
1025.7Â using the branching ratio method, and flat-field grazing incidence
spectrometers. And a crystal spectrometer was also used in order to measure
TiXXI line. The dominant impurities of JT-60 plasmas were oxygen, carbon and
titanium.

Hitachi Energy Research Institute, Japan.
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Fig.l History of wall materials and divertor configurations of JT-60.

where
2 ).

Carbon and titanium concentrations were estimated by comparing the
brightnesses of CV(40.3 A) and TiXX(259A) lines[2j, which were measured by
the 3-m grazing incidence monochromator, with calculated ones using the
impurity transport code [3], In the impurity transport code, we used the
measured diffusion coefficient DA =1-2 m2 /s and peaking parameter Cv^O
Cv is connected with the convective velocity v(r) as vCr)^ -Cv ( 2DA'r/ a
These values were measured by impurity injection method with configuration
control [4], Oxygen and carbon concentrations were also estimated by Zeftvalues and intensity-ratio of OVIII(19A) to CVI(33.7 A) lines measured with
the flat- field grazing incidence spectrometer [2], The carbon concentrations
estimated by this method were consistent with the values estimated by the
previous method. This means that the oxygen concentrations estimated by this
method took the reasonable values.
3 „Experimental Results

In the following sections, Zoff values and impurity concentrations are
described against line averaged electron density.
3.1. outer X-point discharges with metallic walls

On the metallic walls (TiC-coated molybdenum divertor plates and limiters,
and TiC-coated inconel liners), Zeff values are shown in Fig. 2 against line
averaged electron density ïïl . In this figure, open circles, closed circles
and double circles indicate the values of ohmically heated diverted plasmas,
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Fig„2 Zeff values vs line averaged electron
density in the plasmas with metallic walls
(TiC-coated molybdenum limiters and divertor plates)

ohmically heated limited plasmas and NB heated (9-22My) diverted plasmas
respectively. The Zerf values decrease with the electron density and come to
1.2 at rû = 5.5xl019 m"3 on the ohmically heated diverted plasmas. On the NB
heated plasmas, it is 1.6 at ne = 4x10 1S m"3 .Oxygen and carbon concentrations are shown in Fig. 3. In this figure,
carbon concentration clearly decrease with the electron density, but it is not
clear for the oxygen concentration. It is indicate that the production
mechanism of the carbon impurity is mainly physical spputering. In the NB
heated diverted plasmas, oxygen concentration is 1% and carbon one is 0.1$ at
rül of 4x1 O19 m"3. Oxygen is the dominant light impurities.
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Figure 4 shows the spectra measured by the flat-field grazing incidence
spectrometer in the wavelength region of 5 - 500Â, where a) is the spectrum
of the ohraically_heated limited plasmas under the condition of IP =1.0MA,
B-r =4.5T and Hi =1.9x10 la m~3, and b) is that of the NB heated diverted
plasmas under the condition of IP =1.5MA, BT =4.5T, rü =2.9x10 19 nf 3 and
PNB~li.8Mi'J. In this figure, signals of the metallic impurity (titanium and

molybdenum) lines are weak in the diverted plasmas compared with that of the
limited plasmas. In the diverLed plasmas, titanium is the dominant metallic
impurity and the concentrations are shown in Fig.5 against the line averaged
electron density. The concentrations clearly decrease with the electron density
and come to Ö.008& of the electron density at n̂  =4x10 i3 nf 3 on the NB heated
(11-14MW) plasmas. This value is so low that it had almost no influence on the
Zeff values and radiation losses of the main plasma.
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3.2. Outer X-point discharges with graphite walls
Zeff values are shown in Fig. 8 against the line averaged electron density.

In the NB heated (17-20MW) diverted plasmas, the values are about 2.2 at
=4x10 13 m"3 fhese values are higher than those of the plasmas with

metallic walls, which values are shown in the previous section.
Oxygen and carbon concentrations are shown in Fig. 7. In the low electron

density region, oxygen and carbon concentrations are nearly equal, but in the
higher region, carbon concentrations are lower than oxygen , because the carbon
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concentrations rapidly decrease with the electron density. In the NB heated
diverted plasmas, oxygen and carbon concentrations are 2% and 0.4J> of the
electron density at n^ =4x10 19 m"3 . These values are 2 and 4 times as high
as those of the metallic walls.

Titanium concentrations were 3 to 10 times as low as those of the metallic
vails. Titanium ions originated from the TiC-coated walls which were still
sitting as shown in Fig.l.

In this phase, Zeff values of the plasmas with LH heating are alsomeasured and shown in Fig.8.
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3.3. Lower X-point discharges with graphite walls
Zei-f values of the lower X-point discharges with graphite walls, which are

indicated by triangles in Fig.9, are larger than those of the outer X-point
discharges with NB heating . The values are 3-5 at the h~I =4x10 19 uf3.

Titanium concentrations are slightly higher than those of the outer
X-point discharges with graphite walls.
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4. Conclusion
Zeff values and impurity concentrations were investigated on the outer

X-point discharges with metallic walls and with graphite ones, and also
investigated on the lower X-point discharges with the graphite ones. These
results of the NB heated plasmas are summarized in table 1 at nul =4x10 19
And, ratios of main radiation power to input power , PrSaVPinput , measured
with bolometers are also summarized[5].

- 3

Table 1 Summary of Z eff values, impurity concentrations and radiationlosses of main plasmas. (NB heated plasmas, rü = 4xl019 m'3 )

Metallic
First Wal!
(T iC-Mo)

Graphite
First Wall

Graphite
First Wall
/Lower \
\ X-point/

Zef f
C
0

TI
piruwi-p
' r o d ' 'Input

Zeff
C

0

T|
„mom, p
'rod ' 'input

Zeff
C

0

Tl
main.p

' r o d ' 'input

Divertor
1.6

0. ! %
1 %

0.006 %
10%
2.2

0.4 %
2 %

D.0005-0.002 %
1 5 %

3-5

20 %

Limiter

> 60 %
3.0
5 %
i %

0.0005-0.002%
25%

25 %

In the limited plasmas with metallic walls, radiation losses were very
high (over 60$). But in the diverted plasmas, radiation losses, Zeff values
and impurity concentrations with metallic walls were lower than those with
graphite ones. So, metallic walls will be useful in the future machines if the
heat load to the walls are controlled under the critical value.

In the lower X~point plasmas, Z<,tt values and radiation losses were higher
than those of the outer X-point plasmas, where the ratio of the plasma volume
of the outer to lower X-point configuration was 5:3 . But, we need more
investigations if we conclude that the closed divertor is better than the open
divertor.
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Abstract

An improved divertor confinement (IDC) regime, which is characterized by
a confinement improvement and remote radiative cooling, has been obtained in
NB heated lower X-point divertor discharges in JT-60. The IDC regime has a
threshold in heating power ( 10 MW ) and a threshold in electron density. The
threshold electron density depends on the connection length between the main
plasma and the divertor plates. The remote radiative cooling is large for
discharges with high toroidal magnetic field. The improvement in energy
confinement is compatible with the remote cooling as large as 50 % of the
input power.

1. Introduction
Essential functions of divertor are particle control ( density control

and ash exhaust ) and heat removal for protection of first walls. In the
H-raode, however, these functions are almost lost because of its good particle
confinement property and occurrence of ELMs. It is one of the most important
issues to produce plasmas with good confinement property as well as good
divertor functions.

In JT-60» high power NB heating of up to 25 MW with a pulse length of 4
sec has been carried out in lower X-point divertor configuration. In this
experiment, discharges with slightly improved energy confinement time and
enhanced radiation loss in the divertor region have been obtained1*.
C Improved Divertor Confinement : IDC ).

In this paper, the confinement properties and the divertor effects
associated with the improvement in energy confinement of IDC discharges are
presented.

2. Characteristics of NB heated lower X-poinb divertor plasmas
Figure 1 shows waveforms of a typical lower X~point divertor discharge

with NB heating power of 25 MW. The stored energy W* restarts to increase at
5.7 sec associated with increase in electron density. The electron temperature
rises by 5 % while the absorbed heating power per an electron P ab& /ne
decreases by 17 % due to the increase in electron density . The energy
confinement time increases from 55 msec to 61 msec. About 10 % improvement
in energy confinement time is obtained although the absorbed heating power
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Fig.l Waveforms of a typical IDC discharge.
IP=i HA, BT =4.5 T, XP = 4 en ,q,ff =4.7
and PhB = 25 M».

increases by 10 £ ( from 20 MW to 22.5 KW ). As the electron density rises,
Ha radiation in the divertor region rapidly increases. At the same time, the
neutral pressure in the vacuum vessel begins to decrease. This indicates that
high particle recycling state is built up at the divertor. The remote
radiative cooling power2} Pra<j dlv increases up to 9 MW ( about 40 % of the
absorbed heating power P abs ). It should be noted that the improvement in
energy confinement is not deteriorated even when such a high recycling state
is established at the divertor, which is a favorable property required for
steady operation of future fusion reactors. Such discharges with the
confinement improvement and the remote radiative cooling are denoted as IDC
( Improved Divertor Confinement ).

The confinement improvement in IDC discharges seems to be triggered by the
sudden decay of OW line intensity and the increase in CVI line intensity.
The detailed study on the impurity behavior indicates that the oxygen
concentration decreased and the carbon concentration increased3}. Zeff
slightly increases or is almost constant during the NB heating, and is in a
range of 3-6. This indicates that there is an exchange of carbon and oxygen
impurities during the NB heating. The central chord bolometer signal
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Pra<i center decreases as the oxygen line intensity decreases, which is
considered to be one of causes of the confinement improvement. Before and
after the onset of IDC, no significant changes in profiles of the electron
density and the electron temperature are observed. Also, no change in MHD
activities associated with the onset of IDC is found from measurements of soft
X-ray signals and magnetic field fluctuations.

3. IDC Condition
The onset of IDC regime depends on NB heating power, electron density,

strength and direction of toroidal magnetic field and height of the X-point
from the divertor plate.

Figure 2 shows the relationship of the absorbed NB heating power and the
electron density for the onset of IDC. The electron density is plotted at the
time when the stored energy restarts to increase. The direction of the
toroidal magnetic field is such that ion VBr drift is toward the X-point.

Fig.2 Relationship of the threshold electron
density and the absorbed NB heating power
for' the onset of IDC. The IDC regime has
not appeared below 10 HW.

MWJ

There is a threshold in electron density for the given NB heating pov?er. The
threshold electron density rises with increasing NB heating power,while it
drops with the toroidal magnetic field. As the NB heating power is lowered,
the IDC characteristics become less significant, and is not always observed
from 10 MW to 15 MM even when the electron density is higher than the
threshold. Below 10 MW, no IDC has been observed. This indicates that there is
also a threshold heating power around 10 HW for IDC. In the case of the
reversed toroidal magnetic field direction ( ion VBr drift away from the
X-point ), the threshold electron density is likely to be high from the
results of limited number of discharges. For low electron denisty plasmas, the
heat flux to the divertor is higher at the inside leg of the X-point ( ion
drift side ) than at the outside one ( electron drift side ) for the case of
VBT drift toward the X-point,and vice versa for the case of VBi drift
away from the X-point4}. The difference in the heat flux direction might be a
cause of the high threshold electron density.
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Figure 3 shows the relationship of the threshold electron density, the
safety factor qeff and the height of the X-point X? . The threshold
electron density increases as the safety factor is lowered. For discharges
with Xp=2-5 cm, the threshold electron density is a function of the safety
factor for plasma currrent ranging from 0.7 MA to 1.8 HA. This means that it
is not toroidal magnetic field but safety factor which determines the
threshold electron density„ The threshold electron density also depends on
the height of the X-point. These results suggest that the connection length of
the magnetic field line between the main plasma and the divertor plates plays
an important role for the onset of IDC.
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Salaly Factor qafj

Fig.3 Relationship of the threshold electron density»
safety factor and the height of the X-point.

4 = Remote radiative cooling
The IDC regime is characterized by the remote radiative cooling5J , It

was reported in Ref.l) that heat flux to the divertor plates decreased due to
the remote radiative cooling during the IDC. The increase in radiative power
in the divertor region Prad dlv becomes larger as the toroidal magnetic
field is raised. Figure 4 shows evolution of the radiation power ratio
Prad div /Pabs as a function of electron density for different toroidal
magenetic field. The discharges shown are without gas puff during the NB'
heating. The radiation power reaches about 50 % of the total absorbed power
for the discharges with BT =4.5 T. For the discharges with low toroidal
magnetic field (BT=2„7T), the H-raode transition and grassy ELM s occur1'
during the NB heating, which slows down the build-up of high rcycling state in
the divertor region. As a result? the radiation pov?er is suppressed at a low
level„ For heating power below 10 Mfe', the increase in radiation power has not
been observed because the electron density does not rise up to the level where
the radiation power rapidly increases ( ne c - 3.2-3.5x10 19 m~3 ). To raise
the electron density, the gas puff of 1, 2 and 3 Pam3 /sec was added to 1.5 MA
discharges with heating power of 19 MW. However, the electron density attained
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by adding the gas puff was almost the same as the level attained without gas
puff. The gas puff raised the level of electron density where the radiation
power starts to increase, but did not enhance the level of the radiation power
after the saturation.
5. Confinement properties

Figure 5 shows the plasma stored energy W* evaluated from diamagnetic
measurements as a function of the absorbed heating power. Open symbols stand
for the maximum stored energy obtained during the IX discharges and closed
ones stand for the stored energy just before the onset of the IDC or those of
no-IDC discharges. About 15 % of the confinement improvement is obtained for
1 MA IX discharges. The degree of the confinement improvement is large for 1
HA discharges, but is lower for 1.5 MA and 1.8 MA discharges.

• D I.8MA
•*-A 1.5MA
• O l MA
Open symbol IDC
Closed symbol no- IDC

10

Fig.5 The plasma stored energy as a function of
absorbed heating power. Data points represented
by open symbols are the maximum values for each
of IDC discharge, and those represented by
closed symbols are the stored energy just
before the onset of the IDC regime or those
of no-IDC discharges.

20 30
"obs (MW)
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Figure 6 shows the relationship of the improvement in energy confinement
time and the radiation power in the divertor region Prad div vs the central
chord bolometer signal Prad center during IDC discharges. Here, corrected
energy confinement time TE c is used, which is normalized at heating power
of 20 MW using the power dependence of l/ -/Pabs . The degree of the
improvement is found to be well correlated with the decrease in radiation loss
along the central chord. It is also found that the radiation power in the
divertor region rises with the decrease in the central chord bolometer signal,
but does not degrade the confinement improvement„The total radiation power in
the main plasma is 15-20 % of the absorbed heating power. Assuming that
reduction of radiation loss improves the stored energy, the improvement is
estimated to be less than 10 %. This value is not far from the level of the
confinement improvement for 1 MA discharges. However, for 1.5 MA discharges,
the decrease in radiation loss is only 5 % of the absorbed power although the
confinement improvement is 1Q-15&. These results suggest that the decrease in
radiation loss in the main plasma may be one of causes for the confinement
improvement, but in addition to this, other causes may be necessary.
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Fig.6 Relationship of the energy confinement time,
the radiation power ratio Pr«ddlv /P.b» in
the divertor region and the ratio of central
chord bolometer signal and absorbed heating
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Gas puff is necessary to produce IDC plasmas with higher density than
those with the beam fuelling alone. The effects of the gas puff on the
confinement properties of IDC is an important issue. Figure 7 shows the
corrected energy confinement time as a function of electron density for two
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discharges with gas puff of 1 Pam 3 /sec and 3 Para3 /sec. The gas puff
is found to degrade the energy confinement. However, at the final electron
density of both discharges, the energy confinement time of the discharge with
gas puff of 3 Pain3 /sec recovers near to the level of the discharge with gas
puff of 1 Pam3 /sec. This suggests that with NB heating with a pulse lenght
sufficiently long it may be possible to obtain high density plasmas without
serious degradation of confinement properties.

6. Summary
The improved divertor confinement regime has been obtained at Nß heating

power higher than about 10 MW. The threshold electron density for the IDC
regime is lower as the connection length between the X~point and the divertor
plates becomes longer. The remote radiative cooling power is larger for ÏDC
discharges with higher toroidal magnetic field. Improvement in energy
confinement about 15 $ is obtained for IDC discharges, which is not
deteriorated by the strong remote radiative cooling power up to 50 % of the
total absorbed power. The improved confinement regime lasts stably only
interrupted by termination of NB power. The degree of the confinement
improvement well correlates with the decrease in radiation loss of the main
plasma. However, other causes are necessary to explain the improvement.
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Abstract

In JT-60 discharges with graphite walls, it was observed that the oxygen
density decreased and the carbon density increased during neutral beam
heating. This phenomenon appeared in lower X-point discharges and limiter ones
with neutral beam heating of high power (>12My). There was a threshold
electron density with respect to the onset of the phenomenon. In the X-point
discharges, an improvement of the energy confinement (Improved Divertor
Confinement) was observed with the phenomenon.

1.INTRODUCTION
The study of impurity behavior in tokamak plasmas continues to be a topic

of considerable importance in fusion research. In JT-60, by using graphite
walls, metallic impurities decreased to a sufficiently low level, however,
light impurities increased[l]. Therefore, the study of light impurities with
graphite walls is important in order to suppress the dilution of the
hydrogen plasma with the impurities.

In JT-60 discharges with graphite walls, it was observed that the oxygen
density decreased and carbon density increased during the neutral beam heating.
This phenomenon appeared first in the limiter discharges with high power
neutral beam injection and small gas puff rate[2]. In outer X-point
discharges^ the phenomenon rarely appeared. It also occurred in lower X-point
discharges, and an improvement of the energy confinement (Improved Divertor
Confinement:IDC)[3,4] was observed with the phenomenon.

In this paper, the impurity behavior in lower X-point discharges is
described. Ve discuss the relation with the phenomenon and the temperature of
the divertor plates and the threshold electron density with respect to the
onset of the phenomenon.
2.DIAGNOSTICS

A schematic diagram of the experimental set up of the main diagnostics
for this impurity study is indicated in Fig.l[5], A VUV multichannel
spectrometer observed spectra of highly ionized light impurities (0 VIII
18.97, C VI 33.74, etc.) in main plasmas. The electron density and the visible
bremsstrahlung were observed vertically through a point of r=0.6a. A VUV
Eonochromator observed the brightness of 0 III 703.9 in the divertor region
near the inner leg of the séparatrix, A UV spec brome ter observed 0 V 2781 in
the peripheral region of the main plasma near the X-point. And the temperature
of the divertor plates was observed by an IRTV camera[6].
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Fig.1 Sightlines of diagnostics in JT-80.

3.TIME EVOLUTIONS OF LIGHT IMPURITY LINES
Fig„2 shows a lower X-point discharge with beam heabing (IBMV). The

brightnesses of 0 VIII and C VI increased during the early phase of the beam
heating» The brightness of 0 VIII began to decrease Q.35sec later after the
beam heating started. On the other hand, the brightness of C VI continued to
increase. During the phase, the ratio of the visible bremsstrahlung to the
squared line-averaged electron density was nearly constant. The electron
temperature was not significantly changed during the beam heating, therefore,
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Fig.2 Lower X-point discharge vith bean heating.
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the effective ionic charge was kept to be nearly constant. The bottom column
of the figure shows the signals of C VI 5292 and 0 VIII 6070 observed by a
charge exchange recombination spectroscopy. It shows that the oxygen density
decreased and the carbon density increased.

Fig.3 also shows a lower X-point discharge with beam heating. During the
early phase of the beam heating of high power (19HW), the light impurity
behavior (decrease of the oxygen density and increase of the carbon density)
was observed. During the phase, the characteristics of IDC were observed; the
radiated power from the main plasma decreased, that from the divertor region
increased, and the brightness of H ce in the divertor region increased[3,4], At
the time when the bean power decreased to 10MW, the brightness of C VI began
to decrease and that of 0 VIII began to decrease 0.15sec later. Because the
electron density decreased rapidly as the beam power decreased, the ratios of
the line brightnesses to the electron density are also shown in the figure. As
shown in the figure, it was expected that the oxygen concentration began to
increase immediately as the beam power decreased. And IDC disappeared during
this period.

Di-.ftcr I Mi 53

Fig.3 Lower X-point discharge
with bean heating.

4.CONDITION FOR THE ONSET OF THE IMPURITY BEHAVIOR
Fig.4 shows the line averaged electron density when the brightness of 0

VIII began to decrease as a function of the injected bean power. As shown in
the figure, there'was a threshold electron density with respect to the onset
of the phenomenon. And the threshold electron density increased with the beam
power.

Fig.5 also shows the onset of the phenomenon in a Hugill diagram. As
shown in the figure, the region of onset was almost on a straight line. In the
discharges shown in the figure, the beam power was 20-24MW and the distance
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between the X-point and the graphite wall was 3.1-4.Ocm. It was also observed
that the threshold electron density decreased as the distance increased.

Because the carbon density increased during the phenomenon, the impurity
behavior could be attributed to the chemical sputtering of carbon on the
graphite wall[7]. The chemical sputtering relates closely to the temperature
of the graphite wall and the sputtering yield is largest at the wall
temperature 500 °C. Therefore, the time evolutions of the impurity lines and
the temperature of the divertor plates are compared in Fig.6. In the discharge
shown in Fig.6-a, the temperature had already been very high (-800°C) at the
time when the brightness of 0 VIII started to decrease. On the other hand, in
the discharge shown in Fig.6-b, the temperature was low (-350TO at the time
vhen the brightness of 0 VIII started to decrease. As a result, the onset of
the phenomenon did not directly related to the temperature of the divertor
plates» However, the chemical sputtering continues to be a noticeable
mechanism, because the temperature of the divertor plates is in the region
that the chemical sputtering is important.

Diverlor l.OMA Divertor 1.8MA

0. 0

5 0 0

2 0 0

' 1 .0

2. 0

0. 0

1.0 S.O S.0 6.0 7.0
TIME (sec)

Fig.6 Time evolutions of the light impurity
lines and the temperature of the ciivcrtor
plates. The highest temperature observed
by the IRTV camera is shown jn the second
column.
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5.IMPURITY BEHAVIOR IN THE DIVERTOR REGION
It is important to observe the impurity behavior in the divertor region,

however, we only show some of the examples of the observations here, because
ve do not have enough data about the divertor plasmas up to now.

Fig.7 shows the comparison between a discharge with the toroidal field
direction usual (+BT discharge) and a discharge with the direction reversed
(-fix discharge). In the +BT discharge the neutral beam of 16HV was
injected, and in the -BT discharge the neutral beam of 19MV and the LHRF of
0.8HV were injected. In the two discharges, there was a difference in the
additional heating power, however, we compare the discharges because the
electron density in the two discharges were similar.

+8.

-ST---.

Fig.7 Comparison between a discharge with the toroidal field
direction usual (+BT discharge) and that with the field
direction reversed (-BT discharge), (cf. Fig.l)

In the both discharges, the brightnesses of 0 VIII decreased and those of
C VI increased during the beam heating. The fifth column of the figure shows
the time evolutions of the brightnesses of 0 III in the divertor region near
the inner leg of the séparatrix. In the +BT discharge, the brightness of 0
III had a peak and then it decreased during the beam heating. On the other
hand, the brightness increased again during the later period of the beatn
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heating In the -Br discharge. And the brightness in the +BT discharge was
larger than that in the -Br one. The similar tendencies were observed in
the time evolutions of 0 V in the peripheral region of the main plasma
near the X-point. Therefore, the differences of the time evolutions of
impurity lines in the divertor region could be attributed to the change of the
plasma with the reverse of the toroidal field direction. However, the 0 III
signals only show the impurity behavior in a side of the divertor region,
because the monochromator observed the divertor region near the inner leg of
the separatrix; in the +BT discharge the ion-flow side was observed, and in
the -Ex one the electron-flow side was observed. Strong asymmetries of
the hydrogen recycling and the heat load between the two sides were observed
[8], therfore, the differences of the time evolutions of 0 III signals between
the two discharges could be attributed to the asymmetry.

At the present stage we did not have enough data about the divertor
plasmas, therfore, further measurements of the divertor plasmas are needed in
order to explain the impurity behavior.

8.SUMMARY
In JT-60 discharges with graphite walls, it was observed that the oxygen

density decreased and the carbon density increased during neutral beam heating
of high power. There was a threshold electron density with respect to the
onset of the phenomenon. The temperature of the divertor plates did not
directly relate to the onset of the phenomenon. At the present stage the
mechanism of the phenomenon was not understood, therefore, further studies of
impurity flux and plasma parameters in the peripheral region are needed.
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Abstract

Radiation losses and global power balances of the plasmas in the NB heated limiter,
outer and lower X-point cofigurations with TiC coated Molybdenum or graphite first wall
have been investigated by bolometric measurements, thermocouples and IRTV camera.
Very low radiation losses of the main plasma, 10% of the absorbed power, are realized in
NB heated outer X-point discharges with TiC coated molybdenum wall. In the improved
divertor confinement(IDC) regime radiation loss from the divertor region increases up to
40% of the absorbed power with the line averaged electron density. That of the main
plasma is approximately 20% for any electron density. Intense remote radiative cooling is
realized in DDC which reduces the heat load onto divertor plates.

1. INTRODUCTION

JT-60 is a unique tokamak device with limiter, outer and lower divertor configurations.
Original first wall of JT-60 was TiC coated Molybdenum which is replaced by the graphite
tiles in May 1987. Radiation losses, charge-exchanged neutral particles and heat load on the
divertor plates are main mechanism for the energy loss form the plasma with divertor
configuration. Radiation losses and global power balance of these plasmas with high power
neutral beam heating up to 25MW have been investigated on JT-60. An improved divertor
confinement(IDC) regime has been obtained in NB heated lower X-point discharges, which
is accompanied with high particle recycling and intense remote radiative cooling in divertor
region. The IDC characteristcs is described in this paper from the point of view of radiation
losses.

2. DIAGNOSTICS

Figure 1 shows the viewing chords of the bolometers on JT-60. In the case of the TiC
Molybdenum wall, radiated power from the main plasma is measured with the lower array of
bolometer consisting of 15 channels. Radiated power from the divertor chambers are
measured with a couple of bolometer on electron and ion drift sides.Heat load onto the
divertor plates is measured with a set of thermocouples in the plate

New divertor coils were installed under the vacuum vessel in order to make lower X-
point configuration in Dec. 1987. Radiated power from the main plasma is measured by two
fan arrays of bolometer and one from the divertor region is measured by single bolometer
after the modification. Note the viewing field of the divertor bolometer includes the X-point
in the typical divertor configuration. Heat load onto the divertor plates is measured with the
IRTV camera from the top of the vacuum vessel.
The bolometer is gold register one which has been described in Ref.[l].
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Fig.l Viewing chords of bolometers on JT-60

3. EXPERIMENTAL RESULTS

3.1 LIMITER AND OUTER X-POINT DISCGARGES WITH TIC COATED
MOLYDBENUM WALL

NB heating up to 20MW is carried out in the limiter and outer X-point discharges with
TiC coated Molybdenum first wall.

In the limiter discharges, radiation losses of the Hydrogen and the Helium plasma are
60% and 90% of absorbed power, respectively (Fig.2)The difference between Hydrogen
and Helium plasmas is due to the spattering effect of the Helium plasma.

In the outer X-point discharges, radiation losses from the main plasma and divertor
plasma and heat load onto the divertor plates which is measured with the thermocouples are
10%,15% and 60% of the absorbed power, respectively(Fig.3).Though the radiation loss
from the main plasma in the Helium discharges is slightly lower than that of Hydrogen
discharge, there is not significant difference between Hydrogen and Helium discharges. It
is remarkable that very low radiation loss of main plasma is realized in the outer X-point
discharge with TiC Molybdenum wall.This fact suggests the capability of metallic medium-
Z material for the first wall of future devices.

LIMITER DISCHARGES

•nCMblybdenum wall (Apr J985-M»r.l9S7)

20 -
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TlClVblybdenum wall (AprJ985-MirJ987)
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Fig.2 Global power balance of the NB
heated limiter discharges with TiC coated
Molybdenum wall as a faction of neutral
beam power up to 20MW

8 12 16
Pabs
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Fig.3 Global power balance of the NB
heated outer X-point discharge with TiC
coated Molybdenum wall as a fuction of
neutral beam power up to 20MW
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Figure 4 shows the global power balance of the outer X-point discharges with NB
heating as a function of the line averaged electron density[2,3]. With the increase in the
electron density, the reduction of the fractional heat load onto the divertor plates is
observed.This may be due to the remote radiative cooling in the divertor region.Viewing
chord of the bolometer array does not cover the around the X-point, so the most of the
missing power is considered to be the radiation loss from the X-point region.
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Fig.4 Global power balance of the outer X-
point discharges with NB heating as a
function of the line averaged electron density
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3.2 OUTER X-POINT DISCGARGES WITH GRAPHITE WALL
All of the TiC coated molybdenum limiters and divertor plates were replaced with

graphite tiles in May 1987, which cover the half of the vacuum vessel area.
Figure 5 shows the global power balance of the NB heated outer X-point discharges

with graphite wall as a function of the line averaged electron density in the case of Ip=2.4-
2.7MA and PNB=17-22MW With the increase in the line averaged electron density,
radiated power from the main plasma in creases from 10% to 20% of the absorbed power,
one of the divertor plasma keeps constant to be 15%, wheres heat load on to divertor plates
decreases from 50% to 30%. Radiation loss of the main plasma is larger than that of TiC
molybdenum case and that of the divertor plasma is smaller.
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3.3 LIMITER DISCGARGES WITH GRAPHITE WALL
In NB heated limiter discharges with graphite wall, radiated power is 25% of the

absorbed power in the range of line averaged electron density from 1 to 6xlQ^m-3
independent of the plasma current, as shown in Fig. 6. With the increase in the electron
density larger than 6Xl0^m-3, radiation loss increases steeply. Near the density limit,
marfe appears on the inside wall. The radiation loss of the plasma with marfe[4] reaches up
to 90% of the absorbed power.
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Fig.6 Radiation loss of the NB heated limiter
discharges as afuntion of line averaged
electron density

3.4 LOWER X-POINT DISCGARGES WITH GRAPHITE WALL
INCLUDING IDC PLSMAS

The time evolution of the chord-integral intensities of the bolometers as a function of
channel in the discharge with IDC is shown in Fig. 7, where channel 1-13 and channel 14-
25 correspond to the lower and upper arrays, respectively. NB of 19MW is injected to the
lower X-pint discharge with Ip of 1.8MA between 5 to 7sec. IDC occurred at 6sec. The
intensity of the lowest channel increases steeply in IDC, wheres central ones somewhat
decreases,-which is correspond to the decreases of the intensities of OVI and OVII in main
plasma[5,6j.

Fig.7 The time evolution of the chord-
integral intensities of the bolometers as a
function of channel in the discharge with IDC

Figure 8 is the global power balance of the NB heated lower X-point discharges with
and without IDC as a function of the line averaged electron density where Ip=lMA and
Bx=3.3T. Closed and open symbols represent IDC and non IDC discharges. Radiation loss
from the main plasma is approximately 20% of the absorbed power independent of the
electron density.With the increase in the line averaged electron density, radiated power from
the divertor region increases. The increase of the power in the IDC is larger than that of non
IDC discharge. The total output power which is the radiation losses and the heat load on to
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divertor plates is not different between IDC and non IDC discharges. So the heat load onto
the divertor plates of the IDC discharge is smaller than that of the on IDC discharge in the
same electron density. It indicates the remote radiative cooling in the divertor region is
realized in the IDC discharge, which reduces the heat load onto the divertor plates.

The radiated power from the main and divertor plasmas in IDC discharges are plotted
against the absorbed power for different By in Fig.9. Radiation losses from the main
plasma is about 20% of the absorbed power independent of toroidal field. Radiated power
from the divertor region increases steeply with the absorbed power larger than 20MW. The
increase in the power is enhanced by the increase of the toroidal field.

Figure 10 shows the radiation loss from the divertor region plotted against the delta Xp
which is the distance between X-point and the divertor plate for IDC discharges in the case
of Ip=lMA and BT=3.3T. The radiated power from the divertor region increases as the
delta Xp is increased. So, Fig. 9 and Fig. 10 indicate that radiated power from the divertor
region increases according to the connection length of the divertor which is the length of the
field line from the X-point to the divertor plate.
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As described above, the 3DC is characterized by the strong enhancement of the radiation
loss from the divertor region. So we plotted the global energy confinement time of the IDC
plasmas against the radiated power from the divertor region in Fig 11. Global energy
confinement time increases with the increase of the radiated power from the divertor region.
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Fig. 11 Global energy confinement time of
the IDC plasmas plotted against the radiated
power from the divertor region
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4. DISCUSSION
In the typical IDC discharge, radiated power from the divertor region reaches up tp

10MW which is correspond to the power density of approximately 10W/cm3. We estimate
the electron density and impurity concentration in the divertor region to radiate such
power.by using simple one dimensional model of the scrape-off layer[7]. he radiation
lower Prad by impurity ions is given by

Prad=n2fL(T)

where n is electron density, f is the impurity fraction , and L is the radiative cooling rate.
Prad of 10W/cm3 is explained by n=lX102Onr3. T=10eV and f=4% of carbon, or 2.4% of
oxygen. This result indicates that low temperature and high density plasma is produced in the
divertor region.

5. CONCLUSION
Radiation losses of the limiter discharges with TiC coated molybdenum limiters are

more than 60% of the absorbed power. Very low radiation losses(10% of the absorbed
power) are realized in NB heated outer X-point discharges with TiC coated molybdenum
wall, which encourage us to employ a medium-Z metal for the first wall of future devices
like as ITER.

In IDC regime radiation loss from the divertor region increases up to 40%(typically
10MW) of the absorbed power with the line averaged electron density. That of the main
plasma is approximately 20%(typically 5MW) independent of the electron density.Intense
remote radiative cooling is realized in IDC which reduces the heat load onto divertor plates.
Energy confinement time increases with the increase in the radiation loss from the divertor
region in IDC discharges.Radiation losses from the divertor region increase with the
increase in the connection length of the divertor.
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PERFORMANCE OF JT-60 FIRST WALL

T. ANDO, H. TAKATSU, H. NAKAMURA, M. YAMAMOTO,
K. KODAMA, K. FUKAYA, M. SHIMIZU
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun, Ibaraki-ken,
Japan

Abstract

This paper describes material behaviors of the JT-60 divertor plates in
outside and lower X-point operations performed to date with an absorbed
energy up to 100 MJ/discharge. In the outside X-point operation, although
heavy melting was observed at the edges of TiC-coated Mo divertor plates,
bursts of Mo were suppressed by sweeping of the separatrix during neutral
beam heating. About 30 % of grapfite divertor tiles were broken in the
outside X-point operation, while most of graphite tiles survived in the
lower X-point operation. Two different types of redeposition layers were
observed on the graphite divertor tiles. Damages due to disruptions were
observed on the electron-drift side of the lower divertor tiles.

1. OPERATION HISTORY OF JT-60 DIVERTOR
Operational conditions of the JT-60 divertor to date are shown in Table

1. The outside X-point operation was performed with TiC-coated Mo divertor
plates from June 1986 to March 1987, and with Isotropie graphite (HCB-18S)
from June to October 1987. In the present lower X-point operation,
isotropic graphite (ETP-10) is in use for the divertor tiles. The high
power and long pulse heating experiments were carried out in the outside and
lower X-pöint operations and the maximum absorbed energy in plasma was about
100 MJ with a heating power up to 30 MW[1-4J.

Table 1 Operation history of JT-60 divertor
Configuration Outside X-point Outside X-point Lower X-point
OperationPeriod
Materials
IP

June'86-March'87 June'87-Oct.'87 June'88-(0ct.'89)

TiC/Mo

2 MA

Graphite(HCB-18S) Graphite(ETP-lO)

2.7 MA 2 MA

Heating Power 20 MW
(NBI)

Heating Time 1-2 s
Stored Energy 2 MJ
Ko. of Shots 193
( > 10 MW)
Absorbed Energy

30 MW
(NBI+LH+IC)
3-5 s
2.4 MJ
186

<90 MJ

30 MW
(NBI+LH+IC)
2-4 s
<2.5 MJ
312

<100 MJ
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2. OUTSIDE X-POINT OPERATION WITH TiC/Mo DIVERTOR PLATES
Figure 1 shows a typical damage of the TiC/Mo divertor plate placed at

the bellows section where there was a gap 50 mm long in the toroidal
direction between plates. The estimated heat flux on the top surface of the
plates was 1-2 kW/cm [5]. Although melting was not observed on the top
surface, the heavy melting with macro-cracks was observed at the edges due
to heat concentration which is 7-10 times higher compared to the top
surface. The slight melting was also observed at the edges of the plates
located at the rigid sectors. After changing the plate with tapered edge,
the melting was avoided.

Fig. 1 Damage of TiC/Mo divertor
plate for outside X-point
operation

Mo bursts were observed frequently in helium divertor discharges with
low density and the neutral beam heating of more than 10 MW in the case of
non-tapered plates, so that the separatrix was sweeped during the neutral
beam heating to reduce the heat flux effectively. The significant
suppression of the Mo bursts was achieved in the sweeping shots[6]. The
ratio of the burst to the total shots was reduced from 40 % to 2 % for
standard divertor discharges with plasma minor radius more than 85 cm.
3. OUTSIDE X-POINT OPERATION WITH GRAPHITE DIVERTOR TILES

Figure 2 shows a typical damage of the graphite tiles in the outside X-
point operation. About 30 % of the tiles located at the separatrix-
intersecting zone were seriously damaged[5]. Serious damage was observed
not only in the bellows cover tiles but also those on the rigid sectors
where the gap between tiles was less than 3 mm. The estimated heat flux was

Bt

Fig. 2 Damage of graphite divertor
tiles for outside X-point
operation
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1-2 kW/cm on the top surface[7], which is not so high to cause the serious
failure of the graphite. Hence, this failure is probably due to local heat
concentration at the edge of the tiles with a slight difference in surface
level between tiles, though the adjustment was made within 1 mm during the
installation. Another reason is insufficient thermal shock resistance of
the material because the broken tiles showed rather brittle behavior.
4. LOWER X-POINT OPERATION WITH GRAPHITE DIVERTOR TILES

Figure 3 shows the view of graphite divertor tiles at the bottom of the
vacuum vessel used in the lower X-point operation. The shallow erosions
were observed at the edge region of many tiles. Fine cracks were also
observed in some of the eroded tiles, but there was no broken tile on the

three tiles at the bellows section were broken. The
tiles to the total ones was about 0.2 %. The heat

at tapered edges (gradient 3mm/40min) of the bellows
was 2-2.5[8]. The heat flux on the top surface was about 0.5

kW/cm [9]. Thus, most of the graphite tiles survived without failure in the
lower X-point operation. The reasons seem to be relatively low heat flux on
the divertor tiles in the simple divertor configuration, and the grade of
graphite with better thermal shock resistance. It should be noted that the
graphite tiles with slight level difference(«l mm) showed the self-
adjustment behavior in which heat concentration at the edge is reduced by
shallow erosion itself without any cracks.

rigid sectors. Only
ratio of the broken
concentration factor
cover tiles

outside inside

Fig.

outboard —s ''— inboard
separatrix-intersecting zone

3 Damage of graphite divertor tiles for lower X-point operation afterhigh power heating experiments(November, 1988)
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Figure 4 shows a typical erosion and redeposition layers observed on
the tiles at the rigid sector. The edges are slightly eroded due to local
heat concentration. It is interesting that two different types of the
redeposition layers are observed on these tiles. The densely deposited
layer 20 urn thick with glossy-looking surface is observed on the high flux
zone(b&c), while on the surrounding area, black and pillar-shaped
redeposition is observed(a). These redepositons were not bonded tightly to
the bulk graphite. There was not measurable erosion on the top surface.

A-

inside

(A) Top view of graphite tiles; (a) surrounding area,
intesecting- zone, (c) outboard intersecting zone

Bt

outside

(b) inboard

(a) (b) (c)
M 10 um

(B) Cross section of redeposition layers at (a)-(c) along A-A line

Fig. 4 Redepositions on the graphite divertor tiles located at the rigid
sector in lower X-point operation

Figure 5 shows the broken tiles at the bellows section where there is a
gap 30 mm long in the toroidal direction. The electron-drift side of the
outboard intersecting zone was damaged. The damaged sections were localized
in the toroidal direction. The erosion thickness of the broken tiles was 4
mm. Thick redeposition was observed on the surrounding tiles. Besides,
higher Be-7 was detected in the broken tiles compared to non-damaged ones on
the rigid sectors. Be-7 is produced by the interaction of graphite with
hard X rays with energy higher than about 30 MeV, so that this damage is
probably due to runaway electrons produced during disruption. Further
investigations are necessary. The edge tiles at the bellows sections were
replaced with carbon-carbon composite ones during shutdown.
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ion side

inside

Bt

electron side

Fig. 5 Broken graphite tile on the electron side of the bellows cover tiles
in lower X-point operation

5. CONCLUSIONS
The heat concentration at the edge of the divertor plates caused

melting and macro-cracks of Tic/Mo, and erosion, cracks and failure of
graphite tiles. Disruption-induced heat load seems to cause more serious
damage of the divertor tiles. Therefore, it is important to avoid gaps and
level difference between tiles in the toroidal direction to eliminate large
heat concentration. In addition, the heat load during disruption should be
moderated or suppressed by some means of plasma control techniques.

The melting of TiC/Mo was not observed on the top surface of the tiles
at the rigid sectors. Serious influx of Mo was suppressed by reducing the
heat flux by sweeping. Hence, the use of TiC/Mo divertor plates will be
possible as long as the surface temperature is controlled reliably below the
melting point. The sweep of the separatrix and the creation of cold
divertor plasma are prefarable.

As demonstrated in the lower X-point operation of JT-60 with large
absorbed energy up to 100 MJ/discharge, graphite is prefarable in the
present machines and also in the next one with short burning operation. In
these machine, C/C composite with higher thermal conductivity is necessary
to reduce sublimation during normal operation, and to provide superior
thermal shock capability against disruptions.

There are still a number of engineering issues toward the establishment
of divertor in a reactor such as high heat flux technology, remote
maintenance, etc. Careful assessment should be made with regard to erosion
by sputtering, tritium retention, neutron damage of carbon materials.
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PLASMA TRANSPORT IN ERGODIZED MAGNETIC FIELDS
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Abstract

A numerical model is presented, allowing to solve the diffusion
equation for a plasma in an ergodized magnetic field. This model is
applied to explain the island like structures observed from the Ha
glow in the scrape-off region of TBXTOR. In accordance with the
experiment, island like structures are found and they persist even in
case where the magnetic topology of the boundary —according to
fieldline tracing calculations— becomes ergodic.

1. Introduction The ergodization of the field line structure in toroidal magnetic
confinement machines is one of the candidates which have been suspected [1] to cause
the anomalously high energy losses observed experimentally. Although the ergodization
is an undesired effect as far as core confinement is concerned, it might nevertheless be
useful in the plasma boundary. It may increase the particle flux and thus transport the
energy flux from the plasma to the wall with a low energy per incident particle. This
assists particle and ash removal and decreases sputtering, both beneficial effects.

Two concepts have been proposed to achieve these goals by use of small resonant
helical magnetic fields, applied locally in the plasma boundary. One is the helical
divertor [2] and the other one the ergodic limiter [3]. In view of technical constraints,
however, i.e with small perturbation fields and small mode numbers, the two schemes
lead to rather similar configurations. Under the above conditions the mixing of field
lines takes typically many thousand revolutions around the torus, whereas the plasma
particles on an island within the scrape-off layer which move along these fieldlines
perform only about 20 revolutions before they hit the limiter. For this reason the plasma
is unable to explore the character of the ergodic field line structure. The invariant
density of the intersection points of field lines with a poloidal pla.ne ( Poincaré plot ) is
by no means a constant for stochastic fields; the same holds true for the flow. However,
although the energy flux is not uniform, it might still be distributed to an enlarged area.

In the following we will investigate the combination of diffusion and field line er-
godization. We find that even this combination maintains the island like structure of
the particle and energy flow patterns in the plasma boundary. This is confirmed by the
experiments which show island like structures in the H„ glow in the plasma edge region
[4,5,6], or give significant variations in the plasma flow hitting different regions of the
wall [7].

1 Zentralinstitut für angewandte Mathematik, Kernforschungsanlage Jülich GmbH,
Fed. Rep. Germany.
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2. Physical Model A model for the particle and heat transport in a plasma
immersed into an ergodic and quasiperiodic magnetic field has to combine the very fast
transport along the magnetic lines of force, the flow of plasma encircling the o-points
of magnetic islands, the exchange of plasma between overlapping islands, and the slow
process of particle diffusion and heat conduction. Calculations have been performed so
far only for rather simple geometries i.e. for a small number of modes [8,9]. We use
a method, which can handle even complicated perturbation fields as they have been
applied e.g. in TEXTOR [5].

The equations used to describe the transport consist of a conduction and a convec-
tion term each:

Dkn-v- Vn + S,, = 0 (1)

and
-v- VnT + Sj- -0 (2),

where D and x are the coefficients of diffusion and heat conductivity 1, n and T are
the density and the temperature, Sj, and S'y are source terms and v with ( u || 5 ) is
the streaming velocity of the plasma along the magnetic field lines, i.e. we take a 'cold,
streaming plasma' approximation.

For the rotational transform, which is needed to know the direction of -u, we use
the ansatz

-Y_\ ,1 i _ h _ (r/a)2]7'"'
————/ / \i———• (3)" 9(a) (r/«)»

This i gives a good fit to the values derived from the measmements of the poloidal
magnetic field component in TEXTOR [10].

The two generalized diffusion equations (1) and (2) are solved simultaneously with
the boundary conditions of fixed density and temperature at the minor radius r — a.
The solutions are found numerically using a step process described below.

First we find the mapping along the lines of force once around the torus for a set
of points defined in a poloidal plain. By use of this mapping we are able to follow each
point in this plane k times around the torus.

Before we proceed to describe the numerical procedures, we make a few simplifying
assumptions.

« We use a 2 dimensional model to calculate the diffusive transport in a poloidal
plane and the convection like ansatz . v « vpff = U j j 4 D\\ • Vy to describe toroidal
transport processes.

• To account for the fact that the plasma particles are able to move either in positive
or negative direction with respect to 5, we assume that the plasma can be described
by two populations of particles n+ and n~ with n+ + n~ — 77, which travel with
constant average velocity v on guiding centre orbits in opposite directions along
the field lines.

• These two populations are in thermal contact and we can average their tempera-
tures.
The next step is then the solution of the above equations for which we use a

difference scheme.

1 As the equations are written, the coefficients are assumed to be constant. This
restriction could be removed.
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3. Numerical Method We start from two distributions for n and T, which are
prescribed on a grid, and which should be close to the final result. The density is then
divided into two populations n+ and n~. For each one of the grid points where n and
T are given we calculate the pair of image points, i.e. those points which are reached
in the same poloidal plane by following the magnetic field line in positive and negative
B direction. To solve the generalized diffusion and heat conduction equations (1) and
(2), we use the appropriate difference scheme. It is of the kind

yl? + S with £>y = l, (4)
i

where y stands for n or T respectively. The ay depend on D ( or % )) on v, on the
coordinate system used and on the boundary conditions. For the operator v • V we use
an asymmetric discretization so that the aij are non-negative. In the examples given
below we took Sn = const and ST oc 2°3'2.

The above difference scheme is iterated until lyj.*5"1"1 — Yt
k I < e. Although we did not

make a rigorous investigation on the convergency range, we have not found a divergent
case in practice.

Usually the image points will be found somewhere between the mesh points, there-
fore their densities and energies are to be collected from the neighboring gridpoints
using an area preserving interpolation [11]. Unfortunately this procedure causes a nu-
merical diffusion. We can quantify this effect by calculating a, numerical diffusion co-
efficient from the above difference scheme. In the worst case the imagepoint is right
in the middle between the gridpoints and we get P™"'"' = Aa;3u/(4A5). Aœ stands
for a line element in the poloidal plane and As is the line element along v (we chose
Ap = 2-7T, giving As ES 2?r R). The ratio between physical and numerical diffusion is
then

or

where P = v&$/ D is known as the Péclet number; it is the ratio of convective to
diffusive transport.

As should be limited to 1 turn around the torus because otherwise information
is lost, at rational q surfaces. Given the Péclet number, the only choice to reduce the
numerical diffusion is then to reduce Aœ, i.e. to increase the number of gridpoints,
which will find its limits in the computer capacity 2.

4. Results and Discussion Figs. 1 a,b show the isocontour-plots of the density
and the temperature profiles in a poloidal plane. They have been calculated for the case
of a symmetric flow, i.e. 71+ = n~ . The temperature profile over the intersection of this

2 To sample and average over several revolutions around the torus will face the same
kind of limits.
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TEXTOR TEXTOR

R

(«) (b)

Fig.1 Isocontour lines calculated for the plasma — density (a) and the — temper-
ature (b) for the case of an isotropic flow. n,T and S are in arbitray units, which are
chosen in order to make D — 1 and the numerical calculations convenient. The bound-
ary conditions are rt(a) = 0.25 and T(a) = 0 01
P — 5 • 104;i(«) = 0.25. The disturbing magnetic field current is 100 kA turns (config-
uration see [5]).

plane with the torus midplane is shown in fig 2. The somewhat flattened regions in the
profile*; are on rational i surfaces. Figs. 3 a,b show the case of an asymmetric flow with
n+ — n and n~ — 0; The flat, island like structures are by far more pronounced in this
latter figure. This finding can be understood by noticing that in the asymmetric case
the hot plasma stream diffusing from the core to the island rim is transported along
fieldlines towards one x-point. In contrast the cold stream, entering on the other island
side is transported to the other x-point. Although this effect is reduced by the fact, that
the x-points change the role on the neighboring islands ( poloidally ), the symmetry
on the island is, nevertheless, broken, whereas it is maintained for the symmetric flow
where only the profiles are flattened.

At the boundary we see contourlines bent to the walls at the position where we
observe in the experiment the island like structure in the Hn glow touching the inner
limiter (cf. fig 4). The field line tracing calculations show that there is indeed the
9 = 3 island in this position for the plasma current of 340 kA. The island on the q = 4
surface is rather small with the particular configuration of the perturbation field used
in TBXTOR. For the above current it extends only slightly into the plasma; it does,
nevertheless, cause an ergodization of a part of the q = 3 island.

In the case of the asymmetric flow we see a region with a steeper gradient in the
density profile, this steep gradient is in the same location where in the experiment we see
one of the luminescent stripes. On reversing the flow direction, the steep density gradient
is found on the opposite side of the toroidal midplane. However, for the symmetric flow
we do not get two such regions with large density gradient, which then would coincide
with the two luminescent stripes observed.
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Fig.2 Temperature profile along the intersection of the pnloidn.1 plane (fig.3)
and the toroidal niklplanc. The flat parts in the profile are on rational surfaces.

TEXTOR TEXTOR

00 (b)
Fig.3 Isocontour lines calculated for the plasma — density (a) and the -•• temper-
ature (b) for tli<* rase of a nonisotropic flow. All the other parameters are the same as
in Fig.I.

Fig.4 The //„ glow observed in TEXTOR. as seen from a video camera. The
experimental conditions are described in [5,6].
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We think, that in the scrape off region, which includes the island at the q = 3
surface touching the limiters, the plasma flow is in fact asymmetric. This flow will
mainly be directed towards the closest limiter ( as measured along a magnetic field
line ). It could then well be, that the two stripes, seen in the experiment, mark areas
with large density gradients and there is a flow in opposite directions below and above
the midplane.
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DIVERTOR PLASMA STUDY IN JFT-2M
H-MODE DISCHARGES
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Japan

Abstract

The behaviours of the peripheral electron temperature and the divertor
plasma during the H-mode in JFT-2M single-null open divertor configuration
are studied. The gradient of the peripheral electron temperature at the
H-mode phase is 140-200eV/cm which is steeper than that (70-100eV/cm) at
the L-mode phase and is good agreement with that predicted by Itoh's L-H
transition theory. The width of half maximum of heat flux to divertor
plates is about 5cm. The heat flux to the electron side divetotor is
larger than that to the ion side divertor and so the electron temperature
of the electron side is higher than that of the ion side. On the contrary,
the particle flux and the electron density of the electron side are lower
than those of ion side. The divertor plasma density(temperature) increases
(decreases) with main plasma density and saturates at a some value and also
increases(does not change) with the input power.

Introduction
JFT-2M [1] is a tokamak with D-shaped limiter and open divertor config-

urations, and in both casses the high confinement mode (H-mode) has been
observed[2]. The divertor plates which have slopes in toroidal direction
to decrease heat flux density are made of graphite [3], and also the inside
wall of vacuum vessel are covered with graphite tiles. Hydrogen neutral
beam with each maximum power of 0.8MW are in-jected tangentially (co- and
counter-injections). The peripheral electron temperature is measured by
the heterodyne radiometer [4,5] ( 90GHz) which is calibrated by the laser
scatering. The profiles of density, temperature, potential, heat- and
particle-fluxes are measured by using the 17-channel Langumuir probes which
are set on the divertor plates in the poloidal direction, supplied sawtooth
voltage from -80V to 80V in the interval of 5ms simultaneously [6,7]. Esp-
ecially, the dependence of thease profiles on main plasma density, heating
power and the direction of toroidal magnetic field are studied.

1 On leave from Mitsubishi Electric Corp., Japan.
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The peripheral electron temperature
The time evolutions of plasma parameters in a single-null divertor dis-

charge (Ip=240kA, Bt=1.26kG/CCW, k=l.4.deuterium-gas) with NBI co-injection
(0.8MW) are shown in Fig.l. At the L-fl transition, the peripheral electron
temperature measured by ECE rapidly increases and the magnetic fluctuations
(m=2) are stabilized. For the impurity, the decrease of intensity of CIV
line and the increase of intensity of FeXV line are observed. The total
radiation loss is about 30-40% of the total input power. The radiation
profiles measured by bolometer array are shown in Fig.2 and 10-20* of the
total radiation is lost from the divertor part.
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ĉ:»i i^M -̂w

•^-
\

„
"V^

~ Î
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Fig.3 The changes of peripheral
temperature profile measured by
ECE at the L-ll transition. The
edge temperature gradient at H-
mode is about 140-200eV/cm.
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The temporal and spacial evolutions of the peripheral electron tempera-
ture at the L-H transition are shown in Fig.3 and show the stepwise changes,
synchronizing with sawteeth crashes. When the edge temperature gradient
becomes larger than some critical value,the D<* signanl begins to decrease
( H-mode). The fluctuations in the ECE signal at the steep temperature grad-
ient region are also observed (ELM:several kHz). At the time T4, the H-L
transition happens due to the radiation cooling and the steep temperature
gradient relaxes to a gentle gradient with the increase of D*, MHD fluctua-
tion and sawteeth activity. The values of the edge temperature gradient
are about 50eV/cm at the ohmic phase, 70-100eV/cm at the L-mode phase and
140-200eV/cm at the H-mode phase.

According to the S.I.Itoh and K.Itoh's L-H transition theory[8], if the
threshold parameter X=-Te fp(ne/ne+<*Te/Te) /Ti, which corresponds to a index
of the temperature and density gradients, becomes larger than order of
unity, the radial electric field is able to change from negative to positi-
ve and the H-mode appears. Substituting the experimental values into the
formula of threshold parameter, we get X£l-3 which is good agreement with
the transition condition. And also the reverse of the rotation of the mag-
netic fluctuation (from Er(<0)xBt to Er(>0)xBt) is experimentally observed.

Fig.4 shows the normalized current density profile caliculated from the
electron temperature profile measured by laser scattering and ECE at the H-
mode phase. Such a profile corresponds to the tearing mode stable profile
[9] in contrast with the joule or the L-mode profiles and this suggests the
possibility that the m=2 magnetic fluctuation is the tearing mode. The
electron density at the temperature pedestal by laser scattering is about
2-3xlOl3/cm* which is sufficiently higher value for the measurement of the
electron temperature by ECE.
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Fig.4 The normalized current density
profile calculated from the electron
temperature profile at H-mode and has
a profile stable against the tearing
mode.
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The property of divertor plasma
The spacial profiles of single-null divertor plasma for the ohmic and

the NB1 balanced-injection cases are measured by the Langumuir probe array.
By changing the direction of toroidal magnetic field, the ion and electron
sides can be changed. When the direction of Bt is counter-clock-wise (CCW)
in the top view of JFT-2M, the inner(outer) side is to be the ion(electron)
side.

For the NBI heating case of 1.3MW (Bt;CCW), the obtained profiles are
shown in Fig.5;the prfiles of the ion saturate current (Is,particle flux)
in Fig.5-1 and the heat flux (Is*Te), the profiles of the electron tempera-
ture (Ted) and the electron density (ned) in Fig.5-2 and the profiles of
the space and floating potentials in Fig.5-3. From these graphs it is
known that the heat flux to the outer (electron) side is larger than that
to the inner side and the electron temperature of the outer side is higher
than that of the inner side. The width of half maximum of the heat flux
is about 5cm. The particle flux to the inner (ion) side is larger than
that to the outer side and the electron density of the inner side is higher
than that of the outer side. The space potential of the outer side is about
20eV larger than that of the inner side and the floating potential becomes
to be negative at the some outer position. One possible explanation the
for the asymmetry of the heat flux is proposed by N.Ueda et al, by introdu-
cing the Q"-8xVTi term [10],

CRBI

(5-1) (5-2) (5-3)

Fig.5 For the NBI heating cose of 1.3MW (Bt;CCW), (5-1) the profiles
heat flux (Is*Te) and particle flux (Is), (5-2) the profiles of electron
density (ned) and temperature (Ted), (5-3) the profiles of space (<f>s) and
floating (fy potential.
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The peak values of Ted and ned at the ohmic and the NBI heating phases
for two directions of the toroidal field (CCW and CW) are plotted versus
the main plasma density (ne) in Fig.6. Both the ion and the electron sides
plasma densities (temperatures) increase (decreases) with ne at the lower
ne, and saturate and then begin to decrease (increase) at the higher ne.
At higher ne region, the radiation loss, some instabilities and the neutral
density rise up, and then the particle flux into the divertor does not
increases with ne. The dence and cold divertor plasma is realized more
easily at the ion side than the electron side.
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Fig.6 The peak value of Ted and ned at
the ohmic and the NBI heating phases for
two directions of the toridal field(CCW
and CW) versus the main plasma density.

Fig.7 The dependence of the
divertor plasma density and
temperature on NBI heating
power.

The maximum ion saturation current and divertor plasma density increase
with NBI heating power, while the divertor plasma temperature is not
affected (Figs.6,7). At the power level in this experiments, the maximum
divertor plasma density is about 3xlo'*/cra* for the ion side and 1.6x10 /cm3
for the electron side. The divertor temperature Ted is about 22eV for the
electron side and 15eV for the ion side.
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Summary
The behaviours of the edge temperature and the divertor plasma during

H-mode in SN-opcn divertor are studied and following results are obtained;
1. -The total radiation loss is about 30-40* of the total input power.
2. The edge temperature gradient at H-mode is 140-200eV/cm, which is steep-
er than 70-100eV/cra of L-mode and is good agreement with Itoh's theory.

3. The current density profile at H-mode is a tearing mode stable profile.
4. The width of half maximum of heat flux to divertor plates is about 5cm.
5. The heat flux (particle flux) and the divertor plasma temperature (dens-
ity) of the electron side are larger (smaller) than those of the ion side.

6. The divertor plasma density (temperature) increases (decreases) with
main plasma density and saturates at a some value and also increases
(does not change) with the input power.
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IMPURITY ION TRANSPORT STUDIES IN THE JET
AND DITE TOKAMAKS
(Summary)

N.J. PEACOCK
Culham Laboratory,
United Kingdom Atomic Energy Authority,
Abingdon, Oxfordshire,
United Kingdom

The range and complexity of ion transport in tokamaks are illustrated by
experiments using laser ablation of test particles into the JET and DITE
tokamaks. In recent JET experiments on L-mode confinement plasmas, transport
in the core region, i.e. within the q=l surface, is seen to be much reduced
relative to particle transport in the outer regions. The core region is
partially filled (and emptied) of impurities during successive sawteeth
crashes. The global impurity confinement is of the order of the energy
confinement, Tg. In co-injection, beam-heated, H-mode plasmas the core
impurity confinement is very long ~ 4 sec, >Tg. The time dependence of
spectral line intensities from injected and intrinsic impurity ions is best
described during the H-mode by transport coefficients which emphasize
convection at the edge, within 0.2 m of the separatrix, and with diffusion
coefficients close to neoclassical in the core.

In the DITE experiments with ohmically-heated helium the plasmas
confinement can be changed, at high average density approaching the density
limit, by altering the gas feed rate to plasma boundary. Similar observations
have been made in the ASDEX and T-10 tokamaks and have been ascribed to the
onset of ion temperature gradient, TI^, instability modes. In the DITE
experiments, the drop in confinement time (at lease a factor of five) with gas
feed appears unrelated to the MHD activity or energy confinement. Analyses of
the time-and spatial-dependence of injected Al ions using an impurity ion
transport code indicate that the loss in confinement can be ascribed to a fall
by about a factor of two, in the inward convection term of the transport
prescription. Again, in the long confinement mode, the diffusion coefficients
are not far above neoclassical values.
General Conclusions
o Fueling Core => increased Global Confinement

Fueling Periphery => Loss in Confinement
can be correlated or uncorrelated with tg

with Z
with MHD

Scaling of impurity confinement can vary from be Alcator (L-mode) <——>
Neoclassical, depending on operating conditions.
Many recent results are consistent with loss of confinement due to onset
of ni drift wave mode, L̂  /Lj > 1.e i
Transport coefficients vary significantly across the q(r), safety factor,
profile.
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