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Abstract

Since the 10th PSI conference in 1992, high Z refractory metals have been attracting growing interest as candidates for
plasma facing materials, because of their resistance against erosion. In tokamaks such as TEXTOR, ASDEX Upgrade, FTU,
Alcator C-Mod, D 1II-D, considerable effort has been made to study the behavior of high Z impurity in the core and edge
plasmas, erosion /re-deposition processes at the limiter /divertor surfaces, hydrogen isotope retention, material development
and tests, etc. An interim review of these studies is given. Tentative conclusions are drawn in order to get a view and

direction in the future studies.
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1. Introduction

For the last two decades, the major emphasis in fusion
research has been laid upon demonstration of high temper-
ature plasmas relevant to reactor, even if it would be
limited to a few seconds. Wall materials have been chosen
always from a viewpoint toward improving plasma core
performance, which has led us to the adoption of low Z
walls. Now we are facing the next major step of fusion
research, in which new criteria should be seriously consid-
ered for the material selection, namely: (1) compatibility
with long time sustaining of high temperature plasmas, and
(2) with an environment of DT-neutron irradiation. Based
on this idea, reconsideration of plasma facing materials
was proposed in the Monterey Conference in 1992 with
inclusion of high Z refractory metals [1], which are attrac-
tive because of their erosion-resistance. Since then, consid-
erable efforts have been made in tokamaks to improve the
understanding of core plasma and plasma surface interac-
tion (PSI) issues of high Z metals.
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Since 1994, the ITER team has been considering adop-
tion of tungsten into some parts (the wings, the dome, and
the lower part of the baffle) around its divertor regions [2].
Then the needs for a tungsten database have come to be
more urgent.

Since the beginning of the 1980s, tungsten and molyb-
denum have been less frequently used in fusion plasma
experiments because of problems due to radiation loss
found in several tokamaks such as PLT [3,4], JT-60 [5],
etc. Before that time, edge diagnostics had not been well
established. The combination of these two situations re-
sults in lack of detail and systematic data on the perfor-
mance of high Z plasma facing materials (PFM) in plasma
devices, especially in tokamaks.

In this paper, an interim review of these studies after
1992 is given, with an emphasis on the impacts of high Z
impurities upon core plasmas, their transport in core and
edge plasmas, erosion/deposition at surfaces of plasma
facing components (PFC), etc.

Material development is another big issue to be ex-
plored from now on. Because of a limited space, only a
brief introduction is given in this paper on activities and
ideas in this field.

It should be emphasized that one of the targets in the
final goal of this study is not a simple question to be

0022-3115/97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.

PII S0022-3115(96)00507-7



228 N. Noda et al. / Journal of Nuclear Materials 241-243 (1997) 227-243

answered as ‘yes’ or ‘no’, but ‘in which condition a high
Z PFC is available without any serious degradation of core
plasma performance, and with a reasonable lifetime’.

2. Impact and behavior of high Z impurities in core
plasmas

2.1. Transport of high Z impurities

It is clear that too many high Z impurities at the plasma
center causes a destructive impact on plasma behavior due
to radiation loss. Actually it was observed that the electron
temperature collapse happened due to strong centrally-
peaked radiation from tungsten ions in PLT [3]. The
questions are: (1) what is the critical density of high Z
impurities or density product n,n;,,.?, (2) how it can be
quantitatively decided or explained?, (3) what causes im-
purity density to build up to the critical value?, (4) how
core plasmas behave above the critical density?, etc. It
should be mentioned here that the contribution of high Z
impurities to Z,; could not be significant at the critical
density determined by the radiation loss. Very rough and
vague ideas have been given as an answer to these ques-
tions of (1)-(4) before a few years ago. For instance, ‘an
edge temperature below 50 eV is necessary to accept
tungsten as the material of the divertor target plates’.
However, just a few experiences have been reported on
high Z metals including tungsten before 1992. Intensive
studies on the core-plasma issues have been started in
TEXTOR, ASDEX Upgrade, Alcator C-Mod, FTU, and D
III-D since 1992.

It is worthwhile to know more in detail what happens
with an excess contamination of high Z impurities, be-
cause we need a more exact understanding of the critical
condition of the contamination for different materials, such
as Mo, Ta, W. The critical condition (which was seen in
PLT, etc.) has been reproduced in TEXTOR in 1992 with
a small test limiter made of molybdenum [6]. In this
experiment, a small test limiter was inserted from 10 to 20
mm inside the last closed surface (LCFS), which was
determined by a toroidal belt limiter named ALT-II. Fig. 1
shows the time behavior of plasma parameters with the
molybdenum limiter. In Ohmically heated (OH) discharges
with a central line-averaged density of 3 X 10" m™, a
steep increase in central bolometric radiation P, was
observed at 0.8 s in Fig. 1 and the central electron temper-
ature T, began to decrease at 1.0 s. The electron tempera-
ture profile at the central region was flattened toward the
time of the maximum radiation, and the profile of the
bolometric radiation (P,;) became strongly peaked as
shown in Fig. 2. This is usually followed by an oscillatory
behavior of the parameters with minor disruptions (see Fig.
1). Quite the same behavior was observed with a tungsten
limiter in TEXTOR [7]. It is important that the temperature
drop combined with a peaked radiation profile can be seen
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Fig. I. A critical condition in an Ohmically heated discharge in
TEXTOR with a molybdenum test limiter [6]. Time behavior of
radiation from plasma center (r <10 cm), brightness of Mo
XXVII, central electron temperature, and central line-averaged
density are shown. The plasma became unstable after 0.8 s.
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Fig. 2. Electron temperature (a) and bolometric radiation (b)
profiles at different times before, during and after the instability
shown in Fig. 1 [6].
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in only limited cases such as OH operation with a density
higher than a critical value [8]. Fig. 3 shows the radial
profiles of P, for NB heated (1.3 MW) discharges with
the Mo limiter inside the LCFS [6]. The profiles are
hollow, having no peak at the axis. No significant differ-
ence can be seen between profiles with limiter in and out
for higher line-averaged densities.

In ASDEX Upgrade, strong radiation on axis has been
reported not during OH but occasionally in NB heated H
mode discharges in a W laser blow-off experiment [8-11].
Fig. 4 shows the time behavior of the parameters. In Fig.
4(c), strong central radiation continues for longer than 0.3
s and the central temperature decreases in this period. It is
clear from the figure that the electron temperature profile
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Fig. 3. Radiation profiles with the Mo limiter inserted (solid lines
r=45 cm, 1.0 cm inside the last closed flux surface), and
withdrawn (dashed lines) for NB heated discharges [6].

became flat after 3.2 s. Oscillatory behavior is not seen in
this case. This type of strong radiation loss has not been
observed in wide operation range but only in limited cases.

For OH discharges in FTU with a poloidal tungsten
limiter, another critical behavior is reported [12—14]}, that
is a hollow electron temperature profile which appears at
the start-up of a discharge with a high current (Ip) /density
(n,) ratio. This has been avoided by operating with rela-
tively low I,/n, conditions (see Fig. 5).

Different from TEXTOR, no critical density has been
observed in FTU. It is probably due to higher 7, with
higher B,, therefore higher OH power input at the plasma
axis. This situation is common in Alcator C-Mod, too.

In general, three possible mechanisms should be con-
sidered being responsible for the strong and unstable radia-
tion enhancement shown in Figs. 1 and 2. The first is the
accumulation of Mo or W ions toward the plasma axis, the
second the temperature dependence of radiation power and
the third is the increase in external source. The third
mechanism can be easily excluded both in TEXTOR and
ASDEX cases. Higher density results in lower edge tem-
perature and the sputtered flux always decreases with the
edge temperature, which will be shown later (Sections 3.1
and 3.2, Figs. 10 and 11). The source rate is determined by
the target and the laser power in laser blow-off experi-
ments. Moreover, as is explained below, the second is
judged to be not responsible for the enhanced radiation
within the present knowledge.

A discussion on the thermal instability (Fig. 1) in
TEXTOR is given by Tokar et al. in an invited paper of
the 22nd EPS conference [15]. As seen in Fig. 1, T, is
around 0.8 keV when the radiation starts to rise. According
to the calculation by Post and Jensen [16,17], radiation
power from Mo is not strongly dependent on 7, around
this range in temperature, so the radiation increase is not
attributed to a decrease in T,,. There remains a possibility
that the region with a strong T, dependence could be
shifted to the lower 7, side compared to the Post—Jensen
curves as is discussed later in Section 2.3. But if we would
assume the temperature dependence in Refs. [16,17], we
could conclude that impurity transport close to the plasma
axis is responsible for the radiation increase. The impurity
flux density consists of anomalous diffusion and neo-
classical convection. The latter has two components,
namely an inward flux due to the density gradient and an
outward one due to the temperature gradient. At a critical
density, the loss by radiation exceeds the ohmic input,
which causes a slight decrease in T,,. It initiates a flatten-
ing of the T, profile, namely smaller gradient 7,, which
reduces the outward neo-classical convection proportional
to the gradient T,. Then the inward convection exceeds the
outward one and the diffusion flux, which causes accumu-
lation of the impurities toward the axis. This is the basic
idea given in the literature [15] by Tokar et al. In this
argument, it is important that the ions are in the Pfirsch—
Schliiter regime. They discussed this process a little more
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for an OH discharge (a), for an NB + ICRF-heated H-mode discharge without W accumulation (b), and for an NB-heated discharge with W
accumulation (¢} in ASDEX Upgrade [10]. Horizontal axis is time in seconds. The total radiation is contributed not only by central radiation
but also by radiation from the periphery. Then the higher P, 4, does not necessarily resulted in the lowering in the central T,.

quantitatively and derive the critical plasma density as a
function of the ratio of the anomalous to neo-classical
diffusion constant and the central impurity density. Fur-
ther, and clearer experimental evidence for the critical
density has been shown in Ref. [8] by Philipps et al. with a
tungsten test limiter. Progress in the analyses following the
approach given here is expected to give us a more exact,
quantitative view on the critical density at the plasma axis.

In addition to the OH case discussed above, there are
lots of experimental facts which indicate that transport in
the core is playing an important role. In ASDEX Upgrade,
no accumulation has been observed in OH discharges (Fig.
4(a)). Another example of an NB (4.6 MW) plus ICRF
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(0.9 MW) heated H-mode discharge is shown in Fig. 4(b).
Tungsten is injected to the plasma by laser-blow-off at 3.2
s. Quasi-continuum radiation from W decays quickly with
an e-folding time of 130 ms, which indicates no accumula-
tion of tungsten even in this H-mode discharge. On the
other hand, as is noted previously, the tungsten radiation
does not decay for a long time and the central temperature
decreases strongly in the case of Fig. 4(c). The difference
between these two cases is attributed to a difference in
transport. It is pointed out that sometimes the tungsten
does not accumulate axisymmetrically. The accumulation
happens in a helical structure of such an m/n = 1/1 mode
close to the plasma axis, which rotates with about 10 kHz
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Fig. 5. Electron temperature profiles in ohmic discharges in FTU (a) with high /, /n, ratio in startup and (b} with low / /n, [12].
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Fig. 6. Reduction of the central radiation by addition of ICRF-heating to NBI in TEXTOR [18].

in the toroidal direction [9-11]. The radial transport of
tungsten ions in ASDEX Upgrade is discussed by Naujoks
et al. in Ref. [9].

Another example of TEXTOR with a tungsten limiter is
given in Ref, [18], where the addition of ICRF heating to
an NB heated discharge greatly reduced the central radia-
tion loss (see Fig. 6). The difference in electron tempera-
ture is not large with and without ICRF heating. It is also
shown that the ICRF heating added to OH discharges
reduces the radiation loss [19,20]. In these papers, the
authors claim that heating by ICRF with a sufficient power
has some impact on impurity accumulation being dis-
solved, and that there is a certain threshold power of ICRF
necessary to realize it. The threshold power level can be
interpreted in terms of critical density [15]. Tt is worth
noting that there is no accumulation in Fig. 4(b) in AS-
DEX Upgrade coincidentally with ICRF heating. In the
previous review [1], special attention was given to the
ICRF heating with a concern about the enhanced source
rate in the plasma edge. Recent experiments have shown
that the ICRF gives us a rather favorable effect on high Z
impurity behavior by changing transport in the core. The
real reason of this ‘ICRF effect’ is not clear at the mo-
ment. It might not be a direct effect of traveling rf waves
coupling with impurity ions in the core, but a change in the
density and /or temperature profiles or a change in saw-
tooth activity due to the rf heating triggering the change in
transport. Transport issues with additional heating should
be more systematically investigated in the future.

In FTU, molybdenum and tungsten concentration in the
plasma core has been compared to the influx of these
impurities from the limiter during OH discharges. The
results suggest that no accumulation in the plasma center
occurs within the operation range, at least in standard
sawtoothing discharges [12—14]. In Alcator C-Mod, the
transport has been investigated with impurity injection by
the laser blow-off technique. No big difference in the
diffusion coefficient D and inward velocity v,, has been

observed up to now in wide range of operations including
OH and ICR heating {21,22]. In spite of the full toroidal
Mo divertor, no serious influence of radiation loss has
been found both in OH and ICRF heated plasmas [23,24]. !
No accumulation of Mo in the core has been seen during a
LH-heated | h and 2 h steady state discharges in TRIAM-
IM with Mo limiter operation [25].

As a summary, strong accumulation of high Z impuri-
ties occurs only in a limited cases in tokamaks, and a wide
operation area could be expected.

Another transport problem relating to low Z impurity
injection will be discussed in Section 3.4.

2.2. Atomic processes of multiple charged ions

Another big issue in the core concerns atomic processes
of highly charged ions. A systematic and comprehensive
study on this issue is going on in Alcator C-Mod. In this
tokamak, all the tiles in the divertor and the inboard wall
are made of molybdenum [23]. Radiation profiles from
multiple-charged molybdenum ions have been precisely
investigated. A five chord, spatially scannable crystal spec-
trometer array is used to analyze line emissions from
Mo*'*-Mo™* in the range of 2.8 to 4.1 A [21.26,27].
Another spatially resolved VUV spectrometer has been
dedicated to measure radiation from Mo?**-Mo?*!*. Sym-
bols in Fig. 7 show measured brightness profiles with 1
MW ICRF heating. In order to reproduce the brightness
profile, the following analysis has been made.

1. Charge state distribution is calculated from the MIST

[28] impurity transport code.

" Added in proof: It is reported in a recent publication that
boronization in Alcator C-Mod has brought improvement in en-
ergy confinement by reduction of radiation loss (see M. Green-
wald et al., PFC /JA-96-29, MIT, 1996).
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2. Measured profiles are used for input data of electron
density and temperature.

3. Diffusion constant and inward velocity are deduced
from laser blow-off experiments.

4. Fractional abundance of molybdenum charge states are
calculated using ionization and recombination rates.

S. Excitation rates used to calculate emmissivity and
brightness profiles are of individual lines.

In Fig. 8, two sets of the fractional abundance are
shown obtained through procedures (1)-(4). The results in
Fig. 8(a) is obtained using the new ionization and recom-
bination rates, in which ‘excitation auto-ionization (EA)’ is
taken into account [29]. Those in Fig. 8(b) are obtained
using older ionization and recombination rates without EA
and with a semi-empirical form for dielectronic recombina-
tion (DR). A marked difference can be seen in the abun-
dance of Mo™* and Mo®* between the results of Fig.
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Fig. 7. Measured (symbols) and calculated (lines) X-ray bright-
ness profiles (the horizontal axis p indicates the minor radius).
The solid lines are from Ne-like molybdenum, dotted line from
Na-like, and dashed line from F-like. Measured data are obtained
during ICRF heating in Alcator C-Mod. The calculation was done
based on charge state density profiles shown in Fig. 8, obtained
(a) with excitation auto-ionization (EA) and new dielectronic
recombination (DR) rates, and (b) without EA and with old DR
rates [21].
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Fig. 8. Calculated molybdenum charge state radial profiles, (a)
with the EA processes and new DR rates, (b) without the EA
processes and old DR rates. Solid lines are even charge state and
dashed lines are for odd ones [21].

8(a) and (b). lons reach higher charge states because of the
larger ionization rate due to the additional process of the
EA. Lines in Fig. 7(a) and (b) are plots of the chord
brightness obtained with the charge state profiles in Fig.
8(a) and (b), respectively, by using the same excitation
rates. It is seen that the measured profile agrees well with
the calculated results in Fig. 7(a), where the profile of
Mo*** and Mo*** in Fig. 8(a) gives a significant contri-
bution. On the other hand, deviations of calculated profiles
are seen in Fig, 8(b) where the EA process is not taken
into account. This indicates the importance of the EA
process for the calculation of the fractional abundances of
highly charged Mo ions. The EA process could be also
important in highly charged tungsten ions. Experimental
results and calculated approach similar to the one de-
scribed above are near term issues to be explored.

Spectroscopic studies for tungsten ions are also in
progress in ASDEX Upgrade [9-11]. lonization stages
with charge number of up to 50 have been identified in NB
heated discharges. Some single lines were identified as
those of Br- and Cu-like tungsten ions as is shown in Fig.
9.

2.3. Cooling rates by high Z impurity radiation

In TEXTOR and ASDEX Upgrade, the Mo or W ion
densities are estimated from the measured bolometric radi-
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Fig. 9. Integral intensity of the W transition array before and after
laser blow-off into ASDEX Upgrade: (top) tungsten radiation
spectra for a discharge in which strong tungsten accumulation to
the plasma axis occurs (T, =1 keV). times in the figure are
measured from the time of W injection, (middle) the same wave-
length region before laser blow-off in an H-mode discharge.
(bottom) with additional single tungsten lines in an NB heated
H-mode discharge (T, =2 keV) [10]. The element symbols are
iso-electronic sequences of the W lines.

ation intensities using the Post-Jensen cooling curves
[16,17]. As mentioned already in Section 2.1, radiation
enhancement of molybdenum impurity ions is discussed
based on this calculation, too. The target value of the
impurity density has been estimated usually from these
curves in discussions on wall materials in ITER. Thus the
Post-Jensen results have given a big contribution to the
evaluation of the radiation effects. However recent progress
in atomic physics is not included in them. Improvement of
the calculations is of great importance to get a more exact
quantitative estimates for the high Z impurity problems in
the future.

An effort to calculate the molybdenum cooling rate as a
function of 7, has been conducted intensively in a collabo-
ration between LLNL, The Hebrew University (Jerusalem),
The Johns Hopkins University and MIT [30]. Collisional
radiative models for the X-ray, XUV, VUV and even
visible line emission from Mo®* to Mo™" have been
constructed. The data from the strong lines in those models
(collision rates, Einstein coefficients, etc.) have been en-
tered into the MIST code. Extensive calculations of dielec-
tronic recombination and excitation auto-ionization have
been performed for Mo*** to Mo>*. The results of those
calculations have been put into the ionization balance

calculation performed by MIST. The EA rates for Mo®™ to
Mo'** done by Mitnik et al. {31] have also been put into
the ionization balance calculation done by MIST. The
results of the modified ionization balance calculation are
seen in Fig. 7. The actual calculation of the EA and DR
data will be published soon.

A preliminary results of the cooling-curve calculation
suggests a possible shift of the curve to the lower tempera-
ture direction. This would give a considerable impact on
the discussion on the cause of accumulation given in
Section 2.1, where a flat T, dependence is assumed in this
region based on the Post—Jensen curve. *

2.4. Other remarks on core plasma issues

Influence of high Z impurities on other points, such as
confinement improvement, thresholds of LH transition,
contamination by low Z impurities such as oxygen or
carbon are issues to be addressed now. For instance, the
oxygen gettering /recycling property is quite different de-
pending on materials. It might result in different
behavior /concentration of oxygen with Mo and W
walls /divertors.

Behavior of an H-mode plasma is under investigation
in HT-6M tokamak in ASIPP/Hofei in China with and
without a Mo limiter under boronized wall condition [32].

It is claimed that a higher hydrogen reflection coeffi-
cient of high Z wall cause deeper penetration of hydrogen
atoms in the periphery, which results in loss of the ion
momentum, a decrease in the radial electric field, and
degradation of the confinement improvement [33].

Issues discussed in Section 2 are categorized as those
of transport /atomic processes of high Z impurities in the
core region. Although these are a bit outside the PSI
research field, we must keep continuous attention to them.

3. Plasma surface interactions and behavior in edge
plasmas

3.1. Origin of high Z impurities

In limiter tokamaks, the major origin of metal impuri-
ties are the limiter surfaces to which a plasma is attached
[34]. This was confirmed in TEXTOR by inserting a small
Mo test limiter into the plasma periphery.

In Alcator C-Mod, Mo I line radiation has been moni-
tored during discharges, which are usually started with a
limiter configuration and switched to a divertor configura-
tion at several hundreds milliseconds after the ignition. In

* Added in proot: More recent revision of the analyses con-
cludes that deviation of the results of ab initio calculation shows
only a slight deviation from those by the Post—Jensen curve.
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the initial phase, Mo 1 lines from the inner wall, which is
made of molybdenum and acting as a limiter, is dominant.
After moving to a single null divertor configuration, the
Mo I radiation zone is changed to the divertor region {35].
Because of the limits in spatial resolution, the local posi-
tion has not yet been identified.

In OH discharges of FTU, the line radiation Mo I and
Dvy at the poloidal Mo limiter was investigated for wide
range of average plasma densities. Fluxes of Mo and
deuterium were determined from the measured Mo I and
Dvy, and plotted in Fig. 10. It should be noted that, at
n,> 6% 10" /m?, the Mo 1 signals were reduced within
the noise level of the detector. The author reported that the
ratio of the flux can be interpreted as an effective sputter-
ing yield of Mo by D* and self sputtering, and the
physical sputtering is the only mechanism for impurity
production [12~14].

In ASDEX Upgrade, erosion of tungsten markers by
arcing is reported [9]. Arcing is frequent during NB heat-
ing, especially during transition from double-null to
single-null configuration and during disruptions. For a
plasma current larger than | MA, the arcing occurs fre-
quently and it is critical in respect to erosion yield. In Ref.
[9], the authors discussed a possible relation between the
electric arc ignition and hot spots.

Arcing and /or disruptions could be one of the possible
mechanisms of erosion, by which the life time of the
limiter or divertor might be limited, if they would occur
frequently. More systematic studies are necessary in toka-
maks.

3.2. Enhanced sputtering with impurity ions

The impurity atom flux at the molybdenum limiter
surface has been investigated as a function of the average
electron density in TEXTOR. Fig. 11(a) shows the edge
electron temperature and density measured by atomic He
beam diagnostic at the mid-plane of r=46 cm for an
ohmically heated discharge [6]. The molybdenum limiter
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Fig. 11. Density dependence of edge fluxes at the Mo limiter
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the last closed flux surface at the midplane, (b) C/D, O/D flux
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impact and due to C and O ions’ impact estimated from measured
C/D and O/D ratio in {(b) [6].

was at r =44.5 cm. The ratios of the emitted C and O to
the D fluxes have been measured absolutely and plotted in
Fig. 11(b). Absolute Mo fluxes at the limiter surface have
been determined by spectroscopy of neutral Mo atoms.
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Fig. 12. Carbon deposition and erosion at the surface of a tungsten
target as a function of fluence and carbon concentration in the
plasma [39].

The combination of two Mo I lines at A = 414.36 nm and
390.30 nm is utilized. The experimentally determined exci-
tation cross-section is available [36] for the latter, whereas
the former is relatively bright and unblended. The ratio of
Ivioi/ D, is plotted in Fig. 11(c). The values are in the
range between (0.4-1.2) X 10~ 2. After careful analyses of
the absolute and temperature dependences of this ratio, it
turns out that Mo sputtering results predominantly from
sputtering by impurity impact rather than by deuterium.
This is demonstrated in Fig. 11(d). Coverage of the surface
by carbon is estimated using data in Fig. 11(b) and taken
into account in this analysis.

Contribution of low Z ion impact to tungsten sputtering
has been also reported in a PISCES-B experiment [37].
Enhancement of the apparent sputtering yields are ob-
served with impact of deuterium plasmas. This enhance-
ment and the lowering of threshold temperature for sputter-
ing are explained by taking the oxygen contribution into
account.

Thus experimental evidences have been added for sput-
tering of high Z elements by the low Z impurities. This
problem, together with the formation of protecting layer, is
important to estimate high Z metal flux based on known
plasma density and temperature in front of the surface.

Self-sputtering runaway has been one of the concerns
listed in Ref. [1]. However it has not yet been experimen-
tally identified for high Z metals.

3.3. Protection layers by low Z impurities

In plasma devices, wall surfaces facing to the plasma
are always modified by impact of plasma particles and
radiation, and not identical to the original surfaces any
more. This influences the surface properties such as sput-
tering and hydrogen retention [38].

As mentioned briefly in the previous section, the cover-
age of carbon on Mo is estimated using a simple valance

equation, the measured flux ratio in Fig. 11(b) and sputter-
ing data published in literature. It is 0.65 in this case. It is
mentioned in Ref. [6] that this coverage reduces the ero-
sion rate of molybdenum.

Sputtering of tungsten and carbon was analyzed under
simultaneous bombardment by carbon and deuterium in
Refs. [9,39]. A Monte Carlo program named TRIDYN was
used in this calculation. A result of the TRIDYN calcula-
tion for a tungsten target is shown in Fig. 12 together with
the results of a simplified approximation in an analytical
model. The behavior is sensitively dependent on the frac-
tion of carbon in the incident flux as seen in the figure. For
a fraction above 3.7%, the tungsten surface is completely
covered by carbon and no erosion occurs. The authors note
an attention to highly non-linear change of the surface
composition with an environment of multi-material config-
uration of plasma facing walls [9]. More detailed analyses
are in progress [40].

3.4. Impact of low Z impurity injection

The reduction of the heat flux to limiter /divertor sur-
faces is a crucial issue to establish reasonable heat load on
the target plates. Intensive studies on low Z impurity
injection are performed in many tokamaks in order to
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achieve this power reduction. Gas impurities such as neon,
argon and nitrogen are used in these experiments.

Impact of neon injection upon high Z impurity behav-
ior has been investigated in TEXTOR for ohmically and
NB heated plasmas. Fig. 13(a) shows neutral fluxes at the
molybdenum limiter plotted against the flux ratio of neon
to deuterium [41], which is roughly proportional to injected
amount of neon. No significant change in the Mo flux due
to the neon injection is seen. This can be interpreted as a
result that the effect of the edge temperature decrease by
the injection on sputtering is compensated by the effect of
the increase in the averaged charge and mass of ions which
impact on the limiter surface. On the contrary, central
radiation of Mo XXXI increases by a factor 4 compared
with the intensity just before the injection, as seen in Fig.
13(b) [41]. This suggests that molybdenum accumulates
with neon injection. Recent experiments on NB heated
discharge with a tungsten limiter in TEXTOR shows re-
markable effects of neon injection, where accumulation of
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Fig. 14. Measured (top) and calculated (bottom) contour plot of
the W distribution after exposure of the original marker spots
(solid circles in bottom) to about 80 divertor discharges in AS-
DEX Upgrade. The levels correspond to the thickness of the
redeposited W in nm. Without taking into account the gyration
(prompt redeposition) effects. the measured results does not agree
with the calculated distribution by the ERO code (as indicated by
dashed contour in the figure) [43].
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Fig. 15. Distribution of redeposited marker atoms in toroidal
direction on the divertor plates of ASDEX Upgrade [45].

tungsten to the plasma axis and temperature collapse can
be caused by neon cooling under certain conditions [42].
Some indications exist that this can be avoided with ICRF
heating [19], but further studies are needed. The accumula-
tion observed in these experiments can be understood by a
neoclassical effect in ionic collisions where higher Z ions
causes stronger inward flow of impurity ions.

Thus compatibility of high Z materials with the edge
cooling is a new concern and has to be investigated more
quantitatively.

3.5. Erosion, prompt re-deposition of sputtered atoms

Re-deposition is important from a viewpoint of reduc-
ing impurity contamination to the plasma and erosion rate
of the surface. A careful experimental investigation on
erosion and re-deposition processes was carried out in
ASDEX Upgrade. Surface markers of silicon and tungsten
on divertor tiles were exposed to 80 well defined plasma
discharges. The profiles of the eroded and re-deposited
materials were measured by ion beam analysis. Results
have given us evidence of local deposition of sputtered
tungsten ions named “prompt re-deposition’ due to the
short ionization length and the relatively large gyro-radius
[9.43-48].

lonized W impurities return to the surface close to the
emitted location within one gyro-motion and deposit be-
cause the magnetic field lines are almost parallel to the
surface of divertor plates. The probability f of prompt
redeposition is a function of a parameter p given as

F=Ht +sigll —pI +4p> /(1 —p>)?]"'/*), where p

= A,,, (ionization length)/p (gyro radius) [44]. A 3D
Monte-Carlo code ‘ERO’ has been developed taking the
gyro-motion effects into account [47]. A comparison be-
tween the analytical and the Monte-Carlo code calculations
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was carried out and a good agreement was obtained [9,44].
The ERO code was applied to the experimental condition
in ASDEX Upgrade. Fig. 14 shows an experimentally
observed profile (top), and the calculated results (bottom)
with and without the gyro-motion effects. Remarkable
difference can be seen between two calculated results. The
measured deposition pattern agrees much better with the
calculated result with the gyro-motion. Thus the impor-
tance of the gyro-motion effect was demonstrated.

The erosion and deposition pattern was compared be-
tween tungsten, vanadium and silicon in ASDEX Upgrade
[45]. Silicon atoms spreaded toroidally over many cm and
vanadium atoms showed migration predominantly down-
stream along the field lines. On the contrary very local
deposition was observed for tungsten close to the original
marker spot. The decay length is less than 10 mm as seen
in Fig. 15. A similar result was obtained in DIMES
experiments in DIII-D [49-51]. This was successfully
modeled by the WBC Monte Carlo code [52].
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including E-field (A), singly charged W (B), all effects (C) [9].

show that their radial penetration depth decreases down to
less than 1 mm at high local plasma densities [41,54]. Fig.
16 (top) shows the measured ionization length in front of
the Mo limiter surface. It decreases down to less than 1
mm for a line-averaged density of 5 X 10'" m™3, which is
well shorter than gyro-radius of Mo ™ ions with 4 eV [41].
An even stronger effect is reported from ASDEX Upgrade
tungsten experiment and shown in Fig. 16 (bottom) [9,55].
Comparison between WI profiles and calculations using
the ERO code have been tried for both in TEXTOR and
ASDEX studies. In Fig. 16 (bottom), the results by ERO
are also shown for the ASDEX case.

It is already mentioned that the computational codes
‘ERO’ [43] and ‘WBC’ [52] are quite powerful to repro-
duce the experimental results above described. The WBC
code computes the sub-gyro-orbit motion of an individual
sputtered particle, including the Lorentz force motion, and
charge changing and velocity changing collisions with the
plasma. Multiple ionization processes, frictional and ther-
mal forces, etc. are thus rigorously taken into account. In
principle, all processes are includeable in a Monte Carlo
code such as WBC, but longer computational time may be
needed to minimize variance. Together with the REDEP
gyro-orbit-averaged deterministic code, and the BPHI ki-
netic sheath [53] code, prediction has been given for very
high local redeposition of sputtered tungsten, including
ionization in the millimeter-scale oblique-incidence toka-
mak sheath, and subsequent return to the surface via the
strong electric field acceleration. The ERO code contains
many of the features of WBC and, has already been
mentioned, has been applied to the ASDEX studies. The
analytical model describing the protection effects dis-
cussed in Section 3.3. is included into the ERO code. In
Fig. 17, the fraction of prompt re-deposition is plotted as a
function of the parameter p, in which a contribution of
singly charged tungsten ions is indicated [9)].

A dynamic simulation code is under development to
apply sputter and deposition processes on tungsten sur-
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faces. The composition change with time can be calculated
taking into account the trajectories of sputtered ions close
to the surface [56].

All the results in this sub-section show that the prompt
re-deposition, which is prominent for high Z ions, gives a
very promising effect to prevent impurity penetration into
the SOL and to reduce the erosion significantly.

3.6. Transport of impurities in divertor and SOL

It is expected in future devices that only a part of
strong plasma-surface interaction will be with erosion-re-
sistant materials. Most of the plasma facing wall is not
necessarily made of such materials. In that case, some
fraction of divertor/limiter material ions could escape to
the wall during the travel in SOL, and do not reenter to the
SOL for a long period even when the charge exchange flux
contributes to re-emit deposited materials on the wall. If
this is the case, the scrape off layer might have some
shielding effect on the flux from limiter /divertor to core
plasmas. The analysis of this effect is also necessary to get
a comprehensive picture of the high Z impurity migration.

A deposition probe was utilized in TEXTOR to get
information for impurity transport in the SOL. The probe
was located 150° away from the Mo test limiter in toroidal
direction. The flux of molybdenum atoms transported from
the test limiter to the probe decreases with average plasma
density [6]. It has been found that the ratio of the deposi-
tion density to sputtered flux is much smaller with W
limiter than with Mo limiter [57]. This indicates that less
tungsten atoms are transported to the location of the
surface probe through the scrape off layer. However, less
deposition could be explained from the lower sputtering
yield and the higher prompt re-deposition rate, only. It is
hard to discriminate the SOL transport and the local effects
by a measurement at one location.

3.7. Hydrogen isotope retention

Deuterium retention was measured and compared
among W, Mo, V, C, Be in D III-D. Small coupons of
these metals were deposited onto the surface of DiMES
samples [51]. The nominal thickness of the films was 100
nm. Retention of deuterium in the samples was mapped by
nuclear reaction with a 700 keV “He beam. The samples
were exposed to ELM-free quiescent H-mode deuterium
plasmas. Integrated exposure time was 14 s. The sample
arrangements and results are shown in Fig. 18. It is clearly
seen that surface densities of D atoms on Mo and W were
smaller by factors 3 to 5 compared to Be and C. The
authors speculate that this observed small aerial density is
due to the fast diffusion of D in body centered cubic
metals above room temperature, so that the deuterium can
ntigrate to the external surface and leave.

Co-deposition of deuterium with tungsten, carbon and
beryllium was investigated by Mayer et al. No co-deposi-

OUTBOARD OUTBOARD
Magnetic 0y}
Feld .. M
7
Mg
INBOARD
. T T — T

N

DEUTERIUM (10"/cm?)

2 -1 0 1 2
DISTANCE FROM CENTER (cm)

Fig. 18. Deuterium retention obtained in D III-D with the DiMES
probe. The arrangements of the coupons are shown for W and Be
(top, left, sample No. 71), and for V and Mo (top, right, sample
No. 70). The horizontal axis is the distance from the center in
radial direction [51].

tion of deuterium with tungsten was observed in contrast
to the other two materials [58].

Another investigation is reported on thermal desorption
of plasma sprayed tungsten coatings by a Garching group
[59]. Samples were implanted with 300 eV D** at room
temperature with a fluence varying from 1 X 10'7 D /em?
to 1 X 10'® D/em? The amount of retained deuterium
was obtained by integrating the spectra of thermal desorp-
tion. It is found that the retained amount is proportional to
the porosity of the samples. The absolute amount is of the
same order of magnitude as in graphite. Deuterium reten-
tion in five types of tungsten samples has been reported in
Ref, [60]. It is shown that D is retained far beyond the
implanted zone. It is worthwhile to draw the readers’
attention to the papers in this conference which contribute
to give us present understanding on this issue [61-65].

It should be also mentioned here that the retention
could change depending on surface composition as dis-
cussed in Section 3.3, surface temperature, microscopic
geometry on the top surface etc. Therefore, much more
data must be accumulated from now on for various condi-
tions and comprehensive analyses will be necessary.

3.8. Particle and energy reflection

The impact of particle and energy reflection, especially
energy reflection is one of the interesting issues [1] and
discussed in TEXTOR experiments [54,66]. The heat depo-
sition to a W limiter was slightly smaller than the one to a
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Mo limiter [66]. However no clear difference was observed
between Mo and C limiters so far. Thus whether energy
deposition really differs depending on the limiter material
is still unclear within the experimental accuracy. It should
be noted that this topic has not yet examined in detail.

4, Material studies and development

4.1. Postmortem analyses of exposed surfaces

Molten layers and recrystallization were found on a Mo
limiter after exposure to TEXTOR plasmas, in which
maximum heat load has been estimated as 20 MW /m”>.
The cracks were located just above a hole for a thermocou-
ple [66,67].

During the operation, large enhancement of the Mo 1
line was observed for two high power heated discharges. It
is likely that the melting occurred in these two shots. In
Fig. 19, the time behavior of Mo I is plotted together with
other parameters [66]. It is worth to note that, in spite of
the large increase in Mo I radiation, no increase in molyb-
denum at the plasma center (Mo XXXI) has been ob-
served. This suggests that vaporization at the limiter sur-
face does not affect plasma behavior. It was reported that
severe melting was found in Mo limiters in TRIAM-1M
tokamak after use in long time discharges extending over 1
h [68]. It may be possible that evaporated Mo cannot
penetrate into the plasma due to its extremely low energy.
Damage and recrystallization are reported for TiC coated
molybdenum divertor tiles in JT-60, too [69].

It is worth to note that, in the experiments of long time
discharges in TRIAM-IM, samples exposed to charge
exchange neutral flux show remarkable numbers of dislo-
cation at the top surface [70]. The authors claim some
influence of this damage on plasma surface interactions,
such as tritium retention in the wall. Post mortem analysis
of Mo and TZM limiters of FTU is presented at this
conference [71].

4.2. Research and development of tungsten coated graphite
for application to ASDEX Upgrade

In ASDEX Upgrade, an experiment with a full-toroidal
tungsten divertor is going on [72]. Careful considerations
and R&D efforts have been conducted to find a good
tungsten material for this experiment [73-75]. One possi-
bility was to utilize the tungsten—lanthanum alloy, WLO
(W +1 wt% La,0,), being a recent development and
recommended by Metalwerk Plansee AG. This material is
one of the candidates for ITER divertor and an intensive
work is under way in KFA Jiilich [76]. In the ASDEX
experiment, a tungsten coated graphite is finally chosen.
There are a number of reasons why the coated tungsten
was chosen instead of bulk tungsten. One of the main
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Fig. 19. Time behavior of plasma parameters for the particular
shot where the molybdenum limiter is subjected to surface melting
in TEXTOR, as seen in the increase in Mo I line [66].

reasons was high forces due to eddy currents during
disruptions possible in the bulk tungsten material because
of the high electric conductivity [73].

A series of high heat load test were carried out for four
kinds of tungsten coated graphite tiles [74,75]. Three of
them were with tungsten layers of 150—-550 wm thickness
coated by plasma spray (PS) and the other one was with
layers of 20—-100 pm thickness coated by physical vapor
deposition (PVD). Heat load tests were performed at the
electron beam facility JUDITH (Jiilich Divertor Test Ex-
periment /Hot Cells), and at the hydrogen beam test stand
MARION (Material Research Ion Beam Facility) at the
Research Center (KFA) Jiilich.

While the PVD coatings showed failure at a heat load
below 14 MW /m?, two of the three PS coatings were
found to tolerate up to 16 MW /m?”. Under cyclic heat load
of 10 MW /m? and 2 s pulse length. no disabling damages
were found for the PS coatings. The PVD coatings failed
by extensive crack formation under the same condition.
These results indicate that the PS coatings are more resis-
tant to high heat load, which can be interpreted by its
crack-arresting mechanism due to higher porosity. One of
the PS coatings was finally chosen for the full toroidal
divertor experiment in ASDEX Upgrade.
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4.3. Material developments in the future

Near term and long term requirements should be sepa-
rately approached. In the near term applications, influence
of DT neutron irradiation would be less important com-
pared to future reactors with high neutron fluence. For the
near term application, tungsten coated carbon could be
convenient because carbon tiles could be easily replaced
without big change in heat transfer property to cooling
channels.

In the long term application, the following issues are
relatively important.

(i) Tolerance to high neutron fluence for reduction of
number of replacements during a reactor life.

(ii) Combinations with low activation materials are
desirable, important or critical.

(ili) A new approach from coolant side is as important
as an approach from plasma side, which has long been
taken in plasma experimental devices up to now because
of the emphasis on achieving high performance plasmas.
For instance, a material with which we can fabricate a
cooling channel should be chosen at first, then some
transition to a material which is favorable for plasmas
could be considered. Most desirable is that the coolant
channel itself can be directly exposed to the plasma edge,
which could be possible if we do not have a concern about
local heat concentration or disruptions.

Another important requirement is ‘less-activation’” un-
der D-T neutron irradiation. This will be one of the most
critical problems because PFC such as divertor target
plates will be replaced several times during a life time of
future D-T reactors. It means that a considerable amount
of waste must be safely stored. It would be desirable to
utilize materials without long-life activation under the
D-T neutron irradiation.

As an example, tantalum could be a good candidate
because of the following characteristics.

— Cooling tube already commercially available.

— High resistivity to cooling water.

— Relatively high ductility and good in bonding to
other metals such as austenitic stainless steel.

— No long life products under DT neutron irradiation,
namely. a low activation material.

— Resistant to erosion by plasma impact due to high Z
and high mass number similar to W.

A large problem is the tritium inventory due to its
exothermic characteristics with hydrogen isotope absorp-
tion. This might be overcome by making a protecting layer
of tungsten.

The most recent review for thermo-mechanical and
chemical characteristics of various high Z metals are given
in Ref. [77]. It should be mentioned that some other
activities on the development are in progress in the US and
Japan, which could not be reviewed this time. Another
review should be given in the near future about the high Z
materials from material-development side.

5. Discussion

From a practical point of view, radiation loss power
and central impurity density is one of the big issues to be
investigated as a function of various conditions of plasma
parameters and environments. As shown in previous sec-
tions, many factors in the core and PSI give impacts to this
relation. A simplified overall picture in divertor configura-
tion can be given as follows.

In a steady state, the net impurity influx to the divertor
plasma A®= @B, — D, is equal to ny 4 at the
ionization front close to the surface, where ng, is the
impurity density in the divertor plasma, &, the flux
toward the divertor plasma due to sputtering, @, the
redeposited flux to the surface, and vy, the drift velocity
of the impurity ions along the field lines. If one uses a
penetration factor Ypene, defined as I — (D, yep/ P AP
is written as Yoepe Pipue- A loss flux @y to the wall gives
another shielding factor v, to the influx through the
LCFS and determines the average impurity density n; in
the scrape-off layer as 7., = Yo YenetPopure/ Varier- I the
core region, the density profile can be written as n(r) =
ngyexpl — C, r2/a”] if the inward velocity is assumed to be
tilr) = —ruy,/a 78], where n,, is the impurity density at
the plasma axis, a the minor radius of the core, C, the
peaking factor defined as C, =av,,/2D with diffusion
constant D and inward velocity of v, at the boundary.
The boundary condition of the core plasma is n(a) =n
Then the overall expression is

sol*

o= Yol ch1\ct( (pspull/l'ldriﬂ)exp[ Cv ] .

Thus the central density s is given as a product of
several factors above described. The sputtered flux can be
determined with the incident ion fluxes, surface coverage
by other impurities, edge plasma parameters etc., to which
discussions in Sections 3.1, 3.2, 3.3 and 3.4 are related. As
discussed in Section 3.5, ¥, is determined by redeposi-
tion of emitted impurities. The other factor v, is deter-
mined by diffusion across field lines in the SOL discussed
in Section 3.6. The profile in the core plasma is strongly
dependent on the inward velocity divided by the diffusion
constant given as C,, which is discussed in Section 2.1,
partly in Section 3.4 and closely coupled with the discus-
sion in Section 2.3. Thus the question can be disintegrated
to the questions to get these 4 factors in the above equation
including &, This simplification may possibly help us
to have easier scope of the impurity concentration, and
therefore the radiation loss power in the core.

The analysis in Section 3.3 indicates that low Z layers
are certainly formed on high Z metal surfaces if they are
surrounded by other materials such as carbon tiles. This
layers would be acting as the protecting layer for high Z
surfaces. If the protecting layer could be provided inten-
tionally in a controlled manner, it would help to some
extent to reduce the penetration of high Z impurity atoms
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into the plasma and to mitigate erosion of the surface. As
an example, conventional in-situ boronization is one possi-
ble way to realize this intentional protecting layer. Or
another possibility is short time application of real time
boronization [79,80] during a long time operation of the
main discharge with magnetic field, which could make the
coating preferentially on the target surface of severest
interaction with the discharge plasma. This can be done by
putting some reactive gas into the plasma. If this technique
is established, merit of low Z coating for core plasma
performance can be combined with the low erosion rate of
high Z target surface. Most of the first wall can be
originally composed with medium Z, low activating metals
such as vanadium. Pre-coating of low Z thin films might
be sufficient to prevent direct exposure to the plasma.
Immigration of materials between target plates and other
walls is not necessarily symmetric. Then it is necessary to
study the gross immigration behavior of the materials
between the divertor and the other part of PFC.

Recently the boronization have been applied both to
ASDEX Upgrade with a full tungsten divertor, and to
Alcator C-Mod with a full molybdenum divertor. Although
the first motivation in these experiments might not be the
protective layer but other profits of boronization such as
high performance of core plasmas and/or wide range in
the operation field, it would be worthwhile to address the
above described issue there.

Of cause there is a possibility that the protective coat-
ing does not work at all, or does just partly work in which
case the part of the severest interaction cannot have suffi-
cient coverage of low Z coated layer. Then systematic
studies without low Z coating are still necessary and
important.

6. Conclusions

Conclusions which have relative importance in future
studies are listed as follows.

(1) In critical conditions, high Z impurity causes strong
radiation loss from the plasma center, which results in
reduction in 7(0) and flattening in T,(r).

(2) The enhanced radiation is attributed to a transport
phenomenon, namely the accumulation of high Z impurity
toward the plasma axis.

(3) This strong accumulation of high Z impurities
occurs only in a limited number of cases, such as relatively
high density OH discharges (TEXTOR), some NB heated
H-mode (ASDEX Upgrade), or neon-injected (TEXTOR)
discharges.

(4) No accumulation has been found in any case of
ICRF heated discharges with a sufficient heating power,
which cannot necessarily be attributed to direct coupling
between rf and impurity ions.

(5) From these observations, one can say that a wide
operation area could be expected without serious accumu-

lation. But compatibility of high Z materials with the edge
cooling by low Z gas impurities is a concern and has to be
investigated more quantitatively.

(6) A systematic study on Mo radiation in Alcator
C-Mod indicates the importance of the excitation auto-
ionization (EA) process of multiple-charged Mo ions. An
effort has been made to reproduce the radiation-cooling
rate by Mo ions versus temperature curve (corresponding
to the Post—Jensen calculation) based on the modern calcu-
lation of atomic processes and experimental evidences in
Alcator C-Mod.

(7) Prompt re-deposition has been experimentally con-
firmed. It helps much either to avoid the impurity penetra-
tion into the divertor plasmas, or to mitigate the surface
erosion. It has been demonstrated in ASDEX Upgrade and
D III-D that the erosion rate of tungsten is much smaller
than that of medium Z materials such as silicon, vanadium
etc.

(8) Protecting layers by low Z impurities on high Z
surfaces can play a role to reduce sputtering of high Z
metals. Intentional combination of low Z coating, such as
boronization, with high Z plasma facing components is an
attractive concept. This has been addressed preliminary in
the full toroidal tungsten divertor experiment in ASDEX
Upgrade and the molybdenum divertor experiment in Alca-
tor C-Mod.

(9) Deuterium retention measured with a tungsten
coupon in D III-D does not agree with those in plasma-
sprayed W coated graphite samples adopted in ASDEX
Upgrade. Co-deposition of deuterium with tungsten does
not occur.

(10) Development and evaluation of high Z materials
has been started aiming at a short-term and a long-term
target. In the short-term studies, tungsten coated carbon
materials have been selected and are actually tested in a
KFA liilich-IPP Garching collaboration. A plasma-sprayed
tungsten on isotropic graphite is successfully applied in
ASDEX Upgrade. In long-term studies, compatibility with
the coolant and low activation by D-T neutron irradiation
should be considered as important criteria.

It should be stressed once more that most of the above
listed conclusions are still tentative and a lot of works have
to be done in future before getting final conclusions and
approaching the goal of this study. Because of the limita-
tion in space, the review of material development was
impossible in this paper. Only limited space was allocated
to this issue, for which another review is necessary in the
near future.
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