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Abstract

Boronization is the plasmachemical deposition of thin boron/carbon or pure bordn films onto
the inner wall of a tokamak device. Since mid-April 1989 the ASDEX vessel has been
boronized seven times in glow discharges, first with a gas mixture of 10% BoHg+10%
CH4+80% He (A), once with 10% ByHg+90% Hj (B) and once with 10% ByHg+90% He
(C). All boronization runs were done at room temperature vessel walls. Local surface analysis
of the deposited layers yielded thicknesses of up to 2000 A. Boronization provided
considerably improved plasma conditions. In ohmic discharges, reductions of CO by a factor of
more than five in the divertor chamber and of two for H,O were observed, in relation to a
reduction of oxygen by a factor of more than five as measured by spectroscopy, but the
reduction of hydrocarbons was only marginal. Iron disappeared from the spectra and even
copper, the target plate material, was significantly reduced. As a consequence, Zegpis < 1.5 for
TR | 1019 m=3. The density limit was improved by 25% (boronization A) and more
(boronization B and C). The oxygen-diminishing effect of boron/carbon and pure boron layers
was found to be longer lasting than the suppression of metal impurities. Deteriorated wall
conditions occurred only after hundreds of discharges, including numerous additional heating
shots with ICRH, NI, LH and combined scenarios, but pre-boronization conditions were never
reached. The main emphasis of this paper is to describe the impact of boronization on aspects of

plasma operation.



1. Introduction

Wall conditioning of the plasma vessel in a fusion device with thin hydrogenated carbon films
applied in-situ during glow discharges in helium and methane to cover all plasma-facing
surfaces (carbonization, [1]) yielded a reduction of the impurity release from limiters and walls
during plasma discharges. In carbonized devices the release of metal and oxygen atoms during
plasma-surface interaction is decreased, but oxygen is still the dominant plasma impurity
together with the low-Z element carbon. For further reduction of the low-Z elements wall
conditioning with boron [2] (boronization) was successfully accomplished on TEXTOR [3]. As
compared with carbonization, the most significant advantage reported from TEXTOR [4] was a
strong reduction of oxygen and carbon in the discharges and better density control. These
results led to the realization of the boronization technique on ASDEX. Seven boronization
cycles have been carried out since mid-April 1989, the first five with the original gas mixture
applied in TEXTOR with B/C deposition, and then, in a second step, two boronizations with
pure B deposition. Meanwhile boronization with B/C deposition is also used in TCA [5] and
TFTR [6]. In the following the boronization technique on ASDEX is described and the
improvements on ASDEX plasma parameters are discussed. First a short overview of the

modifications to the ASDEX vessel in the last few years is given.

2. The boronization technique
2.1 Preliminary conditions

Since commissioning in 1980 plasma discharges in ASDEX have been studied under various
wall conditions (stainless steel, carbonization, boronization) and with various divertors
(pumping Ti-divertor and non-pumping Cu-divertor target plates). The most crucial change was
the water-cooled "hardening" of the divertor installations for long-pulse operation in 1986/87
[7], yielding a more complex situation. This new divertor configuration originally had large
bypasses ("open" divertor) resulting in a poor compression ratio. During shut-down in 1988
large areas of the ASDEX vacuum chamber were covered with graphite tiles and graphite mats

to reduce high-Z impurities and the bypasses of the upper divertor chamber to the main chamber
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were closed as far as possible [8]. During shut-down in 1989 also the lower divertor meanders
were covered with graphite mats and the lower divertor chamber was closed in the same way as

the upper one.
2.2 The boronization system

For further reduction of the low-Z impurities carbon and oxygen it was decided to condition the
ASDEX vacuum vessel walls with diborane (B2Hg). As in carbonization already routinely
employed [9], a DC glow discharge is used for boronization, with the essential difference that
diboraﬁe is added to the working gas. Three gas mixtures were used: 10% ByHg+10%
CH,4+80% He (boronization A), 10% ByHg+90% Hy (boronization B) and 10% BoHg+90%
He (boronization C). The use of diborane, which is both explosive and highly toxic,

necessitated the following modifications to the gas inlet and vacuum system [10].

For safe handling of the diborane a separate gas inlet was installed in conjunction with an
exhaust system opposite it, comprising one of the standard turbomolecular pumps of ASDEX
backed originally by thermal decomposers (700° C) and followed by a special chemical pump
and a KMnOy filter. During summer shut-down 1989 a Roots blower was installed in front of
the thermal decomposer. Diborane in the exhaust system will be completely decomposed in the
filters into undangerous products. Because of the toxicity and explosiveness of diborane special
operating rules for boronization runs are necessary, e. g. helium leak analyzing of the whole

system before and continuous monitoring for diborane during every boronization run.
2.3 Deposition of boron/carbon layers

The gas mixture for boronization runs is fed from a pressure bottle at a pressure of about 100
bar via a reduction valve to the low-pressure tube at 1.8 bar. The typical discharge pressure
during boronization is about 5 - 10-3 mbar. The burn conditions for the two electrodes fixed on
the outer vessel wall and toroidally displaced by about 180° are 400 V - 600 V and 1.7 A - 2.2
A depending on the gas mixture. Unlike in other tokamak devices, boronization in ASDEX is
performed on room temperature walls. Surface analysis of a removable collecting probe after
boronization runs with gas mixture A yielded compositions of the deposited boron/carbon

layers with a ratio of about 1:1. The thicknesses of the layers near the gas inlet were estimated
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from interference colours [11] to be around 1000 A, but probe data as well as visual inspections
of the layer after opening of the vacuum vessel during shut-down 1989 revealed strong toroidal
asymmetries. Near the exhaust system the thickness of the B-C layer was only about 100 A.
The inhomogeneity in deposition was improved by installing a Roots blower in front of the
low-conductance thermal decomposer. The tripiing of the throughput of the working gas and
the use of gas mixture C (diborane in helium) resulted in the highest coverage and best
homogeinity: about 2000 A near the gas inlet and about 1000 A, respectively, near the exhaust
system. As is also the case with carbonization on ASDEX, the divertor chambers are not
accessible to the glow discharge and are not directly coated, and the divertor throats, owing to

their geometry, show decreasing coverage towards the divertor chambers.

3. Plasma discharge improvements
3.1 Residual gas analysis after boronization

The residual gas analysis after boronizations shows a transient reduction of the residual
pressure of H20O by a factor of two. In the course of the following day the water vapour
pressure reverts to its previous value, but can be repeatedly restored to the improved condition
by glow discharges in hydrogen or helium as well as by plasma discharges. It was also found
that the boron layer did not pump molecular oxygen if not activated shortly before by plasma
discharges. The conditioning in a 15-minute He glow discharge is a standard procedure prior to
a run-day. This helps to preserve the beneficial effects of boronization for a long period, even

in the case of venting the vessel.
3.2 Impurity composition in ohmic discharges

Residual gas analysis. Boronization results in significantly improved plasma conditions. Figure
1 shows the partial pressures in the upper divertor chamber measured by a quadrupole gas
analyzer in a pumping port during the flat top of standard ohmic discharges (n, = 3 - 1019 m-3,
Ip = 0.32 MA, Bt = 2.17 T). Compared are discharges with typical conditions before and
directly after fresh boronizations. A remarkable decrease of CO in the divertor chamber is

observed. For boronization A a reduction of CO at least a factor of five and of the water vapour
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pressure by a factor of more than two is measured, but the reduction of methane is only
marginal [12]. Boronization B and especially boronization C resulted in a further decrease of
CO and now also a decrease of methane is found. In addition, the partial pressures of the
hydrogen isotopes in the divertors are increased by a factor of >2 (Fig. 1) in relation to typical
values of a well-conditioned uncovered machihe. This change in divertor conditions can be
explained by increased energy flux onto the target plates by a factor of 2 owing to reduced
impurity radiation from the main plasma. The same mechanism gave rise to an increase of the

plasma edge density in the scrape-off layer.

Zefy. As a consequence of the reduction of light impurities Zeff, obtained by bremsstrahlung
[13], is strongly reduced. Zeff decreases at 2 - 1019 m=3 from 3.8 to 1.8 and at 4.5 - 1019
m-3 from 2 to close to 1. The plasma edge values of Zq¢f were strongly decreased, especially
with boronization B and C, leading to broad radial profiles with low Ze¢f values. The reduction
of Zeff with increasing density is consistent with the observation of a decrease of CO in relation
to hydrogen within the divertors, the light impurities are more diluted. The increase of Zeff
from the low values (Fig. 2) after boronization in course of machine operation depends on the
specific heating scenarios during different experimental phases. The overall tendency, however,
is a general increase of Zgff intersperced by strong reduction after each boronization run as

shown for ASDEX fiducial shots (Ip =0.32 MA, B{=2.17T, q = 3.3) in Fig. 2.

Spectroscopic data. Comparison of spectroscopic data shows a significant decrease of the line
radiation from the plasma after fresh boronization (Fig. 3). Spectroscopic measurements yield a
reduction of oxygen by a factor of more than 5, which is also confirmed by charge exchange
spectroscopy and which is in agreement with the residual pressure in the divertor. Basically
iron disappears almost totally from the spectra but is replaced by boron, which however, does
not seem to affect the discharges. Even copper, originating mainly from the divertor plates, is
reduced by a factor of 2. With increasing number of discharges iron reappears, but pre-
boronization values were never reached. The oxygen-diminishing effect of the boron-carbon

and pure boron layers is found to be longer lasting than the suppression of metal impurities.

Density limit. Investigations of the density limit as a function of wall conditioning are based on

specially dedicated density limit shots where the density is slowly ramped up by feedback
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control until the plasma disrupts. The density limit in standard ohmic density limit discharges
(Ip= 0.32 MA,B;=2.17T,qa =3.3) was 5- 1019 m3 before boronization, which is typical
of a clean metal or carbon machine. After boronization A the density limit resulted in 6.2 -
1019 m-3, further increased to 6.7 - 1019 m3 (boronization B) and 7.3 - 1019 m-3
(boronization C), respectively. The close correlétion between the partial pressure of mainly CO
in the divertor and the density limit strongly supports the assumption that the density limit in
ohmic discharges is most strongly influenced by the light impurities C and O, and that oxygen
recycling is mainly via CO. Two series of ohmically heated D* plasmas are compared in the
Hugill diagram ( Fig. 4) for boronized and non-boronized walls. The absolute value of the
Murakami parameter n ,R/B; strongly depends on the contamination of the plasma. Because of
the significant reduction of Ze¢r at high densities to values <1.5 a linear increase of n R/B; for
Qa > 2.5 by a factor of roughly 1.5 is observed. For qa < 2.5 the qualitative behaviour of the
density limit is rather different: under boronized conditions D plasmas show a minimum of
nR/B¢ at g4 = 2.15, which agrees with earlier results under clean plasma conditions (e.g. in the
old ASDEX divertor configuration together with Ti evaporation in the divertor region [14]). For

(a < 2 boronized wall conditions lead to appreciably higher Murakami parameters.

Radiated power. For boronized wall conditions the fraction of radiated power compared with
the input power Py44/Ptot Was about 25%. This is an important difference to carbonization with
Pad/Piot = 50%. A comparison of radiation profiles shows, for carbonization as well as for
boronization, a highly depressed central radiation in relation to a clean metal machine. For the
carbonized case, however, the radiation profiles show slightly increased boundary radiation as
compared with the clean metal case. With boronization however, the radiation from the plasma

edge is significantly decreased to values below that of a metal machine.
3.3 Impact on confinement aspects

IOC. In ohmic discharges on ASDEX a new regime, improved ohmic confinement (I0C), was
obtained [15] after modifications to the divertor chambers (see 2.1, "open" divertor). [OC
conditions are reached forn,> 3 - 1019 m3 at the end of the ne ramp-up phase when the
external gas puff rate is reduced. Simultaneously, the global particle confinement time rises by

approximately the same amount as the energy confinement. The density profile peaks along the
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slow time scale of improving confinement. During the transition to the IOC phase the intensity
of soft X-ray emission increases. The power influx into the scrape-off layer (SOL) drops in the

IOC regime, causing the edge density to decrease.

After closing the divertors and with boronization, when the radiation is strongly reduced and
the power fluxes across the separatrix are high, IOC conditions do not develop any more. It
seems that IOC conditions need a certain amount of edge impurity radiation to sustain a low
power influx into the SOL with the consequence of low edge density [16]. It is now evident
why IOC conditions do not develop spontaneously with boronized walls, where the radiation is
strongly reduced, giving rise to high power fluxes across the separatrix. On the other hand,
impurity addition (e.g. Ne gas puffing) can initiate the IOC regime with boronized walls too

[16].

H - mode. During neutral beam injection no significant increase of the relative impurity
concentrations of CO and H5O in the divertor is observed, in accordance with the rather
constant behaviour of Z¢r. The boronization provides very good conditions for the H-mode
which could be obtained over a wide range of plasma current, magnetic field and injection
power [17]. After boronization B and C (no methane in the working gas) the power threshold
for the H-mode is significantly reduced (e.g. PNy = 1.05 MW, Ip = 0.45 MA, B; = 1.8 T,
double null). For quiescent H-phases (lasting up to 190 ms) the plasma energy increase is
terminated by the occurrence of Edge Localized Modes (ELM) and not by excessive radiation
losses. The previously observed beta limit values were reproduced, however, at lower power.
Long (2 sec, limited by the NI pulse) and very stationary H-phases with ELMs could be
achieved [18]. The ELMs were extremely regular (200 Hz with less than 10% variation over
1.8 s) which is probably an effect of the stable and reproducible edge conditions provided by

the boronization.
3.4 Aspects of RF - Heating

Ion Cyclotron Resonance Heating. The effects of boronized walls with ICRH were studied in
two scenarios : hydrogen second-harmonic and hydrogen minority ion cyclotron resonance

heating (ICRH), alone or combined with neutral beam injection (NI). The boronization does not




affect the confinement and heating properties, but it is very efficient against difficulties
encountered with ICRH, such as impurity production [19] and power limitation. For both ICRH
scenarios with boronization A, the maximum RF power which could be applied to an ohmic
plasma without causing disruption was considerably improved: 2.4 MW instead of 1.5 MW with
carbonization. This is attributed to the reduced density increase and cooling in the divertor with
ICRH and is related to the higher density limit generally observed under boronized conditions.
The impurity production is reduced, as illustrated in Fig. 5, which shows the total radiated
power as a function of the plasma energy content for a combination of ICRH with NI. For
comparison, data for carbonization are also reported. The important feature is that, for a fresh
layer, the points ICRH+NI are aligned with the data for NI alone. As the layers degrade with
time, the iron concentration increases [20] and the slope of the radiation power versus ICRH
power (reported in Fig. 5) becomes steeper. The term “older” applied to the layers mentioned in
Fig. 5 denotes the situation after =400 discharges with boronization and after =130 discharges
with carbonization. The discharges performed in the meantime were not comparable and a
quantitative comparison of the long-term protection against iron is not possible. It seems,

however, that with ICRH boronization lasts longer than carbonization.

Lower hybrid. The improving effects of boronization were also studied in LH-heated plasmas.
During LH operation Z¢f increased before boronization typically from 2 to 5 because of the
low-density operation. After boronization Zeff was reduced by a factor of 2 and increased
typically by AZg¢f = 1 to 2.5. Because of the detrimental effects of Zesff on the current drive
efficiency, Neps the highest Nep values were achieved with boronized walls. Moreover, better

power coupling was achieved with much fewer HF-induced disruptions.

4. Conclusions

Boronization was found to be superior to carbonization since it does not pose any problem with
density control. The effective particle confinement Tp is high, as is typical of metallic walls.
The depression of high-Z impurities is very similar for pure carbon, boron/carbon and pure

boron layers. Essential differences are observed for the concentration of the light impurities



oxygen and carbon as well as for the long-term aspects of the protection against metallic
impurities. The reduction of the low-Z materials, primarily oxygen (boronization A) and
oxygen and carbon (boronization B and C), which are still the dominant impurities after
carbonization, is significantly higher with boronization. The density limit is durably improved
in all boronization cases. With boronization B and C (wihout methane) the plasma conditions
are generally more improved than with boronization A, e.g. the density limit is increased by
additional =~10% to n,~ 6.7 - 1019 m-3 (boronization B) and =20% to n,~ 7.3 - 1019 m-3

(boronization C), respectively.

The oxygen-diminishing effect of boronization remains over a long period (> 500 discharges)
and older layers can be partly reactivated by plasma discharges even after venting of the vessel
and mainteinance work inside it. Boron/carbon and pure boron layers are more durable than
pure carbon layers because boron is resistant to chemical erosion. Improved conditions are
maintained even after hundreds of discharges. Boron, supposedly removed by sputtering, is
partly transported into the divertors, as indicated by collection probe data, and might also yield
favourable action there. Even the vacuum vessel was vented in March 1990 and operation was
resumed in April 1990 there was still some residual activity of the old boron layer. After just
one day of operation good conditions for plasma discharges were reached (e.g. Murakami

parameter =4.3 - 1019 m-2 T-1 at qa = 3.3 or e.g. H-mode conditions).

All observations on ASDEX support the assumption, that the effect of boronization is not
simply based on a reduction of HO in the vacuum vessel. More likely, the reaction of boron
with atomic oxygen from the plasma, forming boron/oxygen compounds, and an activation of
the layer by the plasma itself is the true reason. By avoiding carbon in the deposited layers
(boronization B and C without methane) and removing the oxygen from the plasma the vicious

circle of CO recycling is suppressed.

The improving effects on plasma discharges will be further investigated in the Wendelstein VII-

AS stellarator, where a boronization device is in preparation.
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Fig. 1 The partial pressures in the upper divertor chamber during standard ohmic discharges
(Ip =032 MA, By =2.17 T, n,= 3 - 1019 m"3) before (# 29 566) and after
boronization A and B (in 10% BoHg + 10% CH4 + 80% He (# 29 785) and 10% BoHg
+ 90% Hp (# 31 632), respectively). Mainly CO is significantly reduced after

boronizations, especially after boronization B (#31 632).
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Fig. 2 Long-term dependence of Zgff on ASDEX in standard ohmic discharges with non-

boronized (uncoated), boronized (bor. 1 - 5) and carbonized (carb.) walls and in start-

up phases (s.u.) after venting of the vacuum vessel.
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Fig. 3 Spectroscopic data measured by visible spectroscopy. After boronization the oxygen

and iron line radiation disappears from the spectra.
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Fig. 4 The Hugill diagram (1/q4 versus nR/By, cylindrical definition for qy) shows a

substantial increase in the density limit after boronization.
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Fig. 5 Total radiated power versus plasma energy for different layers and different heating
scenarios. Hydrogen harmonic heating (ICRH) combined with hydrogen neutral
injection (NI) for similar plasma parameters: B;=2.36 T, Ip = 0.46 MA, line-integrated
density around 5.5 -101% m-3.
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