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Abstract

The proceedings and the results of the 2nd IAEA Research Co-ordination Meeting on
"Plasma-Interaction Induced Erosion of Fusion Reactor Materials", held on June 14-16, 1993
at the IAEA Headquarters in Vienna, are briefly described. The present report includes the
summary of the data status and needs assessment for the erosion rates of candidate reactor
plasma facing materials performed at the Meeting, a summary of the CRP accomplishments,
and a set of recommendations regarding the future work. The final reports of the participants

on their work done within the present CRP are given in the Appendix to this Report.
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1. INTRODUCTION

The 2nd Research Co-ordination Meeting (RCM) on "Plasma-Interaction Induced
Erosion of Fusion Reactor Materials" (June 14-16, 1993, IAEA Headquarters, Vienna) was
organized as part of the activity within the IAEA Co-ordinated Research Programme (CRP)
on the same subject which was carried out during the period July 1990 - July 1993. The
objectives of the Meeting were to review the work performed within the CRP in the period
since the last RCM (May 15-17, 1991), assess the present status of erosion data for the
candidate fusion reactor plasma facing materials and identify the further needs for such data,
summarize the overall achievments of the present CRP and discuss the possible continuation
of the co-ordinated research effort to meet the erosion data needs of next step fusion devices,
such as ITER.

The Meeting was attended by eight (out of nine) chief scientific investigators of the CRP
constituting projects, one project team member and the staff of the IAEA Atomic and
Molecular (A+M) Data Unit. The List of Meeting Participants is given in Appendix 1.

After the opening remarks by the Meeting Scientific Secretary, the Meeting proceeded

in the following sessions (see Appendix 2: Meeting Agenda):

1)  Particle reflection and sputtering,

2) Chemical and other erosion mechanisms,

3) Erosion under high heat flux conditions,

4)  Assessment of data status and needs for erosion rates of fusion reactor materials,

5) Meeting conclusions and recommendations.

A brief account of the presentations at the meeting (sessions 1-3) is given in the next
section. The findings of the discussions on the erosion data status and needs for the currently
operating next step devices (ITER) are summarized in Section 3. The Meeting conclusions
and recommendations are given in Section 4 of this report. A full account of the erosion data
status and needs analysis, prepared by the Meeting participants, along with a detailed
summary of the accomplishment of present CRP effort, is given in Appendix 3. The progress

and/or final reports on the work done within the individual projects of the CRP are given in

Appendix 4.



2.  BRIEF MEETING PROCEEDINGS

In the first Meeting session on physical sputtering Dr. Luo Zhengming reported on the
recent development of his bi-partition model for describing the multiple scattering and
collision cascade processes (backscattering and sputtering) associated with the bombardment
of solids by energetic ions. The improvements in the PANDA-U 90 code have resulted in a
better description of the backscattering process for collision pairs with projectile/target mass
ratio greater than 0.1. The first results of the sputtering code based on the bi-partition model
(collision pairs: H,D,T,He - Ni,C) were shown. Dr. Luo's study of scaling properties of the
ion transport processes in solids indicates that a modified transport cross section is a good
scaling parameter for the particle and energy reflection coefficients and for the ionization,
induced damage and ion range distributions. Dr. W. Eckstein presented a modification of the
well-known Bohdansky formula for the sputtering yield for normal ion incidence which
significantly improves the description of sputtering data in the threshold region. He presented
new recommended fits of the sputtering data which contain essentially, only one fitting
parameter. In a separate presentation at the meeting, Dr. Eckstein discussed the important
question of threshold behaviour of the sputtering yield in relation with the angle of ion
incidence and other parameters of the problem, and the question of theoretical determination
of the threshold energy.

In the session on chemical erosion and other erosion mechanisms, Dr. A.A. Haasz gave
a comprehensive and in-depth analysis of the mechanisms determining the chemical erosion
of graphites, including the mechanisms of sub-surface methane formation, synergistic chemical
erosion and the erosion of doped graphites. Besides of providing a microscopic and
transparent physical picture of the mechanisms governing the chemical erosion of graphites,
Dr. Haasz has also presented a large amount of new experimental data on the erosion
properties of these materials. Dr. E. Vietzke presented the results of a systematic
experimental study of thermal sublimation and radiation enhanced sublimation (RES)
properties of B-, Ti- and Si-doped carbon materials, including their thermal stability, impurity
behaviour at high temperatures and dopand release. Dr. Vietzke demonstrated that while the
sublimation of B, Si and Ti from doped carbon is reduced compared to pure B, Si and Ti,
RES of carbon is not completely supressed (although there is a shift of the onset to higher

temperature values in the case of B/C).
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Dr. K. Morita described the results of an important study of the contribution of
hydrocarbon emission to the thermal re-emission of hydrogen implanted into graphite. The
problem was considered in terms of mass balance equations and supplemented with
experimental measurements to determine the branching factor for hydrocarbon emission. It
was found that the ratio of the rate constants for hydrocarbon molecule formation and trapping
increases linearly with the implantation fluence and eventually saturates. Dr. M. Guseva
presented a detailed comparative analysis of the erosion and thermo-mechanical properties of
several boron containing graphites (USB-15, RECBOR, RGT-B, UAM-B, MPG-8, POCO-
AXF-5Q). The main conclusions of this study are: the boronized graphites exhibit reduced
chemical erosion with respect to pure graphites, a shift of the onset of radiation enhanced
sublimation to higher temperatures, substantial reduction of the hydrogen isotope retention in
a wide temperature range, and reduction of thermal conductivity. A theoretical model was
offered for explanation of the observed properties of boronized graphites. Dr. Guseva also

presented the results of a number of experiments on the behaviour of boronized graphites

under high heat loads (including plasma disruption simulation). Dr. Yu. Martynenko
described the results of a theoretical research on plasma disruption erosion modeling with
inclusion of the shielding effects of evaporated (eroded) material. This selfconsistent
approach to the description of disruption erosion, when applied to graphites, includes also a
specific brittle destruction model as the most significant erosion mechanism in this case. The
preliminary disruption erosion modeling results were presented indicating that the vapor
shielding factor may be about 0.25-0.3.

In the session on erosion under high heat flux conditions, Dr. K. Morita described the
results of his studies of erosion properties of a TiC layer deposited on graphite under

2 5! in the temperature range up

bombardment with particle fluxes of the order of 10'7 cm"
to 1500 °C, the particle energy being 40-300 eV. The Ti sputtering yield from the TiC layer
shows a gradual increase with increasing the material temperature, and abrupt decrease at ~
1000 °C with deep minimum at 1200 °C, and a new increase at higher temperatures. This
temperature behaviour of the Ti sputtering yield was explained by a self-sustaining
segregation model of TiC at the graphite surface. During the same session, Dr. E. Vietzke
gave an extensive review of the results of his studies on the behaviour of B-, Si-, and Ti-

doped carbon and high-Z (W and Mo) materials under high heat loads in TEXTOR tokamak.



Aspects such as mechanical and thermal stability, erosion and redeposition of bulk doped C
and high-Z materials were addressed, including the effects of high material temperatures
(above 1200 °C) on RES, thermal sublimation and impurity release. A "hot spot" model for
the thermal electron emission at high carbon temperatures was described which successfully
explains the observations.

In a very informative presentation Dr. E. Gauthier described the erosion and thermo-
mechanical properties of plasma-sprayed boron carbide as a plasma facing material. The
results were obtained on the Tore-Supra tokamak where B,C was used as coating on the in-
vessel components (limiters, plates, tubes, rods, RF antennae), i.e. on base materials such as
Copper OFHC, Glidcop, Cu-Cr-Zr, Stainless steel, TZM (Molybdenum), Graphite and
Aluminum. Except for its low thermal conductivity (< 10W/m.K), plasma sprayed B,C has
demonstrated superior erosion and thermo-mechanical properties in comparison with graphite
and other candidate plasma facing materials. (The plasma spraying, as a joining method, has
also numerous advantages over the other joining methods). Dr. Y. Hirooka described in detail
the resent research on PISCES-B addressing a wide spectrum of issues related to the
properties of plasma facing materials: net erosion rates, impurity erosion effects, outgassing
rates, hydride formation, characterization of redeposited material, etc. The experimental
studies included both low-Z (graphite, C-C composites, boronized graphites and C-C,
beryllium, beryllium carbide) and high-Z materials (W, Nb alloys, Ta, Mo). The obtained
information is compared with the results on other systems. Because the conditions in
PISCES-B are close to those expected in the divertors of next step devices (including ITER),

the obtained information has a direct relevance for their design.

3. DATA STATUS AND NEEDS ASSESSMENT

After the presentations of the reports on the work performed within the individual CRP
projects, the Meeting during its 4th session discussed in detail the present status of the data
for all relevant erosion processes of the plasma facing materials in currently operating
tokamak devices (or their planned upgrades) and for the candidate materials of next step
reactors such as ITER, NET, FER, BPX, etc. The shifts in the views during the post-ITER
CDA discussions regarding the first options for the ITER EDA plasma facing materials have

also been included in the analysis. The most important in these shifts are inclusion of
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beryllium among the first options for the first wall materials, high-Z materials (W, Mo) as
divertor plasma facing materials and vanadium as first wall structural material. The data
status analysis covered the following processes: physical sputtering, chemical erosion,
radiation enhanced sublimation (for carbon based materials) and thermal sublimation.
Disruption erosion was also discussed but the lack of systematic experimental information and
adequate expertise in the forum (with exception of two or three meeting participants)
prevented to formulate specific conclusions on the database for this erosion mechanism. In
view of its importance in the current fusion experiments and eventually in the reactor design,
the Meeting formulated specific recommendations to the Agency for necessary actions to be
taken for better characterization of the processes (see next section). The materials included
in the analysis of the data under normal, quiescent plasma operating conditions were classified
in three categories: low-Z materials (Li, Be, Carbon-based materials, including doped versions
and carbides), medium-Z materials (stainless steels, V-alloys) and high-Z materials (W,Mo).
For each of these material categories the data status and needs were discussed in detail and
the findings are summarized in Appendix 3. Generally speaking, the database for physical
sputtering for all material categories is satisfactory, mainly due to the successful numerical
simulations which have been performed by the TRIM.SP code. It was felt that more accurate
experimental information is needed for all considered materials (except for carbon-based
materials) particularly at low energies, grazing angles and for self-sputtering. The radiation
enhanced sublimation (observed only for carbon based materials but not for carbides) is less
well documented, especially at high particle fluxes and for the doped carbon materials.
Although the underlying physical mechanism of the process is basically understood, there are
still considerable differences between the model predictions and experimental data in some
cases. The chemical erosion of graphite and carbon-fibre-composites (CFCs) is fairly well
documented, except for doped graphite and doped CFSs, and for high flux conditions. For
other categories of materials of interest, the information on the effects of impurities (such as
He,C,0) is rather scarce and urgently needed. Finally, the database for thermal sublimation
for all three material categories considered is in fairly good shape, but needs updating and
extension to multicomponent materials.

A significant part of the existing database for the erosion processes has been compiled,

evaluated and generated by the CRP participant during the last three years. Particularly
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important accomplishments were made in the areas of physical sputtering and the chemical
erosion and RES of carbon based materials (including their doped versions). Beryllium,
vanadium and high-Z materials (W,Mo) were not considered as first option candidate plasma
facing materials during the ITER CDA and, accordingly, they have not received a high
priority in the research within the present CRP. Nevertheless, some work on Be and W
erosion properties has been performed in a few of the CRP participating laboratories, and

other laboratories are in the final stage of their preparations to initiate such research.

4. MEETING CONCLUSIONS AND RECOMMENDATIONS

The analysis of the data status on erosion properties of candidate fusion reactor plasma
facing materials with regard to the needs of presently operating large tokamaks and the next
step devices (such as ITER) can be summarized by the following set of conclusions:

1) The erosion properties of carbon based materials, including doped versions, are
relatively well understood and characterized under the normal plasma operating
conditions typical for the present generation of large tokamaks. In view of the high
particle fluxes and fluences expected in the next generation of plasma experiments,
further extension of the erosion information for this type of materials i1s needed
regarding the flux dependence of RES, erosion properties of codeposited layers and
improvement in the characterization and understanding of low energy phenomena
(including sputtering threshold law, surface chemistry, effects of He, C and O impurities,
etc).

2) For the new high priority options for plasma facing materials, such as Li, Be, V and W
(Mo), the erosion mechanisms are reduced to physical sputtering and thermal
sublimation (excluding disruption erosion). The available evaporation data base for V,
W and Mo needs updating, while the information on self-sputtering of Li and Be comes
only from theoretical computations. Refinements of the low-energy sputtering data for
V, W and Mo, including the effects of surface roughness, are necessary to establish a
highly accurate threshold and gradient of the sputtering yield and to determine the edge
plasma parameters which ensure minimum (or zero) erosion of the high-Z materials.
Characterization of redeposition processes and erosion properties of codeposited layers

also needs further research efforts.
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Disruption erosion is a major localized erosion mechanism under off-normal conditions
which has still not been adequately characterized. Vapor shielding effects may
significantly reduce the energy deposited into the material during the disruption event
and thereby reduce the erosion yield. Both theoretical studies of the disruption
dynamics and shielding properties of the near-surface vapor, and experimental

characterization of disruption erosion are urgently needed for reactor design purposes.

Specific recommendations to the IAEA:

(1)

(i1)

To ensure an effective support to the ITER EDA in determination of the effects of
plasma facing materials erosion on the plasma performance and in the design of plasma
facing components, it is strongly recommended that the present CRP continues its work
for additional two years. The research should be focussed on completion of database
for carbon based, doped materials and on establishing a similarly complete data base for
Be, W, Mo and possibly V-alloys. The extended CRP could also provide the necessary
response in data generation and compilation (evaluations) if further shifts in the material
selection process take place during the first stage of the ITER EDA.

It is strongly recommended that the IAEA initiates a separate CRP on the theoretical
modeling and experimental characterization of disruption erosion for candidate reactor
plasma facing materials. A specific objective of this CRP could be establishment of a
comprehensive package of computer codes for disruption simulation (including the vapor
shielding effects), provided with all the necessary experimental information on the

relevant atomic and material properties to ensure sufficiently realistic code predictions.
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14-16 June 1993, IAEA Headquarters, Vienna, Austria
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09:30 - 09:45 :
Session 1.
Chairman:
09:45 - 10:30 :
10:30 - 11:15 :
11:15-11:30:
11:30 - 12:15 :
12:15 - 14:00 :
Session 2.
Chairman:
14:00 - 14:45 :
14:45 - 15:30 ;
15:30 - 15:45 :
15:45 - 16:30 :
16:30 - 17:15 :
17:15 - 18:00 :

MEETING AGENDA

- Opening Room: C-07-1V

- Adoption of Agenda
Particle Reflection and Sputtering
E. Vietzke

Luo Zhengming: On the scaling properties in ion transport
W. Eckstein: Revised sputtering formulae

Coffee break

W. Eckstein: Threshold behaviour of sputtering
Lunch

Chemical and Other Erosion Mechanisms

Y. Hirooka

A, Haasz:
W. Vietzke:

Chemical erosion of graphite
Thermal sublimation of B-, Si-, and Ti-doped
carbon materials

Coffee break
K. Morita: Contribution of hydrocarbon emission to thermal
re-emission of hydrogen implanted into graphite
Peculiarities of ion and plasma flow interactions
with graphites containing boron

Erosion of materials during plasma disruption in
tokamaks

M. Guseva:

Yu. Martynenko:



Tuesday, June 15

Session 3.
Chaimman:
09:00 - 09:45 :
09:45 - 10:30 :
10:30 - 10:45 :
10:45 - 11:30 :
11:30 - 12:15 :
12:15 - 14:00 :

Session 4.

Chairmman:
14:00 - 15:30 :
15:30 - 16:00 :

16:00 - 18:00 :
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Erosion Under High Heat Flux Conditions

A. Haasz
K. Morita: Erosion of metal-carbide deposited graphite
induced by high heat flux plasma irradiation at
high temperatures
E. Vietzke: Behaviour of B-, Si-, and Ti-doped carbon
limiters under high heat load in TEXTOR
Coffee break

E. Gauthier: Use of plasma sprayed boron carbide as plasma facing
component
Present status of PFC technology development
programmes at UCLA

Y. Hirooka:

Lunch

Assessment of the Data Status and Needs for Erosion Rates of Fusion
Reactor Matenals

R. Langley

Detailed discussion on the current data status and further data needs for
erosion rates of fusion reactor plasma facing materials

Coffee break

Discussion on erosion data status and needs
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Wednesday, June 16

Session 4.
09:00 - 10:15 ;
10:15 - 10:30 :
10:30 - 12:00 :
12:00 - 14:00 :
Session 5.

Chaimman:
14:00 - 16:00 :
16:00 -

Continuation

Preparation of a summary report on the status of erosion data and the
accomplishments of present CRP

Coffee break
Preparation of the CRP summary report
Lunch
Meeting Conclusions and Recommendations
R.K. Janev
- Discussion and adoption of CRP summary report
- Discussion on final CRP documents

- Formulation of Meeting conclusions and recommendations

Adjoum of the Meeting
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1. Introduction

The IAEA CRP on "Plasma-Interaction Induced Erosion of Fusion Reactor Materials"
was initiated in December 1989 on recommendation by the International Fusion Research
Council, the Subcommittee on Atomic and Molecular Data for Fusion. The Agency
Contractual Committee on Scientific Services approved the Programme at its 198th session
on March 12, 1990. All invited laboratories and institutions to participate in the co-ordinated
research programme have accepted the invitation, and the majority of the Research Contracts
and Agreements have been finalized by July 1990. The Programme commencement date was
taken as July 15, 1990.

The organization of the IAEA CRP on this subject was motivated by the appreciation of
the cntical role of erosion processes in reactor level fusion devices and their impact on the
overall reactor plasma performance and fusion reactor engineering. The compilation of
available information on erosion processes, its critical evaluation, and the enhancement of
generation rate of new erosion data (e.g. for new materials, or in new domains of plasma-wall
interaction conditions) on a time scale compatible with the dynamics of fusion research and
reactor design needs was deemed possible only through a joint, co-ordinated and well
focussed international effort.

The objectives of the CRP were, therefore,

- generation of experimental and theoretical data for all plasma-wall interaction processes
contributing to the erosion of candidate plasma facing fusion reactor materials;

- compilation and critical assessment of existing data on plasma-wall interaction erosion
processes; and

- preparation of recommended sets of erosion data for candidate fusion reactor materials.

2. CRP Participants

Ten laboratories and institutions with high expertise in the field were selected to
participate in the Programme. Two participating institutions were granted IAEA research
contracts (label RB below), and with the other institutions research agreements (label CF)
were signed. The CRP participating institutions and the project chief scientific investigators

are given below.
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2)

3)
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6)

7)

8)

9)

10)
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University of Toronto, Prof. A.A. Haasz
Institute for Aerospace
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Faculty of Engineering, Prof. K. Morita
Nagoya University,
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Oak Ridge National Lab.,, Dr. R.A. Langley
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U.S.A.

Sichuan University, Prof. Luo Zhengming

Institute of Nucl. Science
and Technology, Chengdu,
P.R. CHINA

Forschungszentrum Jilich, Dr. E. Vietzke
Institute for Plasma
Physics, Jilich, GERMANY

Kurchatov Institute of Dr. M. Guseva
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Institute of Plasma and

Fusion Research,
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Physics Laboratory,
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3. CRP_Accomplishments

A substantial amount of experimental and theoretical data on erosion processes has been
generated by the CRP participants during the reporting period. The specific yield of various
erosion mechanisms (physical sputtering, chemical erosion, radiation enhanced sublimation,
thermal sublimation) has been measured or calculated for most of the fusion relevant materials
under a wide range of particle-surface and plasma-material interaction conditions. Net erosion
(i.e. including the effects of redeposition) measurements have also been performed for a
number of materials under reactor relevant plasma-wall interaction conditions. The generated
amount of experimental information on erosion processes is particularly large for the carbon
based materials, including B, Ti and Si doped versions.

The data generation effort was paralleled by physical studies of the plasma-material
interaction phenomena. As a result of these studies, significant advancements in the
understanding of the physics of erosion processes have been made. Significant progress has
been made also in the development of theoretical methods for description of erosion processes
and for computation of their yields.

Extensive data compilations and critical evaluations have been done for physical
sputtering and chemical erosion. A comprehensive recommended data base for physical
sputtering of all fusion relevant ion-material interaction systems has been produced.

The most important results achieved during this CRP can be summarized as follows:

1) More than 100 articles published in scientific journals;

2) An evaluated data compendium (including physical sputtering, chemical erosion and
backscattering)

(published as vol. 1 of the Nucl. Fusion Suppl. Series " Atomic and Plasma-Material
Interaction Data for Fusion", 1991);,

3) Three review articles in the book "Atomic and Plasma-Material Processes in Controlled
Thermonuclear Fusion" (Elsevier Sci. Publ.,, Amsterdam, 1993; eds: R K. Janev, HW.
Drawin)

4) A comprehensive database of evaluated data for physical sputtering (Max-Planck-Inst. of
Plasma Phys., IPP Rep. No. 9/82 (1993));

5) An ALADDIN formatted sputtering database (IAEA).
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4. Current Data Status and Further Needs
(prepared by A.A. Haasz and E. Vietzke)

Here we only consider erosion processes occuring during normal operating conditions.
Off-normal processes like disruptions, arcing or blistering could also greatly affect erosion,
and the members of the CRP recommended that such processes be assessed by another group.

The information database summarized at the First IAEA Research Co-ordination Meeting
on "Plasma-Interaction Induced Erosion of Fusion Reactor Materials" (held in Vienna, Austria,
May 1991) was reviewed and updated. The selection of first wall and divertor/limiter
materials was based on use in present-day fusion devices as well as future fusion reactors,

with attention paid to the ITER design. The recommended set of materials includes:

low Z (Be and Li)

carbon-based materials (pure and doped graphites and CFC's, carbides)
mid Z (steels and V-alloys)

high Z (W ,Mo)

Although the PMI database associated with these materials is a necessary first step in the
overall characterization of plasma-facing materials, it is recognized that the actual material
interacting with the plasma will be in a form modified by plasma exposure. Surface
composition changes will occur due to preferential sputtering, diffusion and segregation. Wall
erosion and impurity transport will lead to redeposition. Thus, more data are needed for the
erosion behaviour of properly characterized redeposited and plasma-modified reactor materials.
It is noted that the critical erosion parameter for fusion plasma-facing components is the net

erosion, i.e., the net result of the erosion/redeposition process.

The focus of this CRP is on the following erosion processes:

physical sputtering,
chemical erosion,

radiation-enhanced sublimation (RES) - applicable to carbon-based materials,

thermal sublimation.

The current status of these erosion processes for the selected set of plasma-facing
materials is summarized in Table 1. It is noted that various other processes will affect the

conditions and parameters (both material and plasma) for erosion. For example, thermal e-
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emission will change the sheath potential, i.e., change the ion energy and heat transmission
factor ("hot spots"); photon-induced impurity production of CO and CO,. The current
assessment of the database and future needs is in reasonably good agreement with the findings
of the Working Group on 'Plasma-Surface Interaction Data: Status and Requirements', IAEA
Technical Committee Meeting on "Atomic and Molecular Data for Fusion Reactor
Technology"”, Cadarache, France, October 1992 (see IAEA Report INDC(NDS)-277, May
1993).

5. Final CRP Document

In anticipation that this CRP will be continued for additional two years, the present
Summary Report, together with the accompanying Progress Reports on the work carried out
within the individual CRP projects, can be considered as an Interim report for the CRP. It
is planned that at the end of the extended CRP period (1995/96), a more comprehensive
publication is produced, which will contain both a thorough presentation of the subject and

appropriately formatted recommended sets of erosion data.






Table 1. Status of Information on Erosion Processes during Plasma-Materials Interaction
for a Select Group of Fusion Reactor-Relevant Materials

J T A N R A T S =)
Application Physical Sputtering
Materials RES Chemical Sputtering Thermal
First Wall | Divertorr | Calculations* Experiment Evaporation
Limiter
Li X S - need data on N/A - data needed for effect of S
self-sputtering impurities (He ash, C, O) .
Be X X S - need data on N/A - data needed for effect of S
self-sputtering impurities (He, C, O)
Carbon-based X X S S - basic under- - incomplete understanding - need updating of
materials standing, but - satisfactory database for pure evaporation rates for
(pure/ doped disagreement graphites/CFC's multi-component
graphites and between model - need data for new doped materials
‘CFC's) and experiment graphites/CFC's
- data needed for - data needed for high fluxes,
high flux energy of released molecules
- data needed for - data needed for impurities
new doped - (He, O, C) (some data
materials available for pure graphites)
Carbides X X S - incomplete - not observed - available for-B,C and TiC - need updating of
- data needed for impurities eveporation rates for
{He, O, O) multi-component
materials
Mid Z (steels, X S - need data for V N/A - data needed for effect of - need updating of
V-alloys - need data for impurities (He, C, O) evaporation rates for
grazing angles alloys
vs, roughness
High Z X X S - need data for N/A - data needed for effect of S
(W, Mo) grazing angles impurities (He, C, O) (some
vs. roughness data available for W

S - satisfactory database

N/A - not applicable
* - Review available (IPP/Garching)

A.A. Haasz and E. Vietzke

June 30, 1993
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Summary Report 1993

W.Eckstein
Max-Planck-Institut fur Plasmaphysik, Garching, FRG

The main topics investigated are the processes of kinetic reflection and sputtering.

The centre of the studies was devoted to sputtering. The two fields are discussed sepa-

rately.

Reflection

The problem of helium ash accumulation in burning fusion plasmas asked for an
extension of the reflection dataset already available for H and D on C and Fe. In collabo-
ration with Reiter from KFA Julich the following datasets have been calculated with the
Monte Carlo program TRIM : T on C and Fe, He on C and Fe, and D and He on W [1].
These datasets are stored at the computer centre in Julich and can be used as input to
plasma edge codes. (Warning: the values for He on W at the lowest energy are wrong !).

Particle reflection coeflicients are provided for W bombardment with T assuming mo-
noenergetic projectiles at normal incidence and an incidence angle 65° and for a Maxwellian
incidence distribution with a sheath potential (3 kT) and without a sheath [2]. For the
same incidence conditions particle reflection coefficients are calculated for the cases D, T
on Li, Ga, and In and for selfbombardment {3].

Another investigation dealt with the reflected energy. The experiments were per-
formed by Winters et al. and the corresponding calculations by Eckstein {4,5]. Targets
of C, Si, Cu, Ag, and Au were bombarded with the noble gas ions He, Ar, and Xe in the
energy range from 8.5 to 4000 eV. Although not all of these data are fusion relevant the
good agreement between experimental and calculated data gives another example for the
reliability of data calculated with the Monte Carlo program TRIM.SP.

There exist a large number of reflection data at Garching which have been gained as

a by-product during the determination of sputtering data. These calculated data have not
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been collected and published as in the case of sputtering due to limited man power.

At the moment reflection measurements are performed for D bombardment of C at
low energies from 30 to 1000 eV and oblique incidence angles. Energy distributions are
determined by a time-of-flight technique and particle reflection coeflicients by the trapping
method. The experiments are accompanied by calculations. First experimental results on
different kind of carbon material as EK98 and HOPG show that surface roughness is an

important factor at low energies and oblique angles of incidence.

Sputtering

Over the last 14 years since a 1979 report a large number of experimental and calcu-
lated values of sputtering yields has accumulated at IPP. Finally, with the help of several
students it was possible to publish these data in a new report [6]. This report gives sput-
tering yield data for elemental and compound targets for normal and oblique incidence.
The data are fitted by a revised Bohdansky formula for normal incidence and by the Yama-
mure formula for oblique incidence. The difference to the old Bohdansky formula is a new
nuclear stopping formula based on the Kr-C interaction potential (used in the simulations)
which gives a more realistic behaviour at low energies. The large number of data in the
report allowed us to generate formulae for the fit parameters @ (yield parameter) and Ey
(threshold energy for sputtering) in the Bohdansky formula. The individual values of Q
and Ey, given in the plots should be preferred compared to the mean values determined
by the fit formulae. The new Bohdansky formula shows a better agreement with the data
than the old formula. Even the new formula exhibit too high threshold energies compared
with calculated data. Therefore yield values below some value are not taken into account
for the fitting with the new Bohdansky formula. The reason for the discrepancies is that
the a.nalyﬁc threshold behaviour in the Bohdansky formula is not correct.

The many examples in [6] show that the Yamamura formula is only applicable for large
mass ratios (target mass to projectile mass). The factorization of the formula into the yield
at normal incidence and into a incidence angle dependent term is not applicable for heavy

projectiles because the threshold energy for sputtering depends on the angle of incidence.
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The report gives fit values for f and a,p¢ for different mass ratios outside the threshold
region. Often the fit with the Yamamura formula is not very convincing.

Both formulae by Bohdansky and Yamamura can possibly be improved. Preliminary trials
finding better formulae were not successful so far.

The sputtering of Be and BeO by O was investigated in a collaboration with Hechtl
(TU Minchen) and Wu (NET) [7]. The experimental yields agree well with calculated
values for O on BeO at normal incidence in the energy range from 100 eV to 10 keV. Cal-
culated angular dependences for projectile energies between 200 and 1000 eV show that a
yield of unity is reached at about 300 eV and an incidence angle 60°.

The energy and angular dependence of the sputtering yield of B and B4C due to the
bombardment with D and B is studied experimentally and by computer simulation. The
selfsputtering of B at normal incidence never exceeds unity. Discrepancies between mea-
sured and calculated yields, larger measured yields at normal incidence and lower measured
yields at oblique angles, are probably due surface roughness [8].

A comparison of the sputtering yields of low Z materials for D bombardment at nor-
mal incidence show the highest yields for Be and the lowest yields for BeO at low incidence
energies. At high incidence energies the yields are similar in a factor of 3. Furthermore, it
is measured that surface roughness has the tendency to increase sputtering yield values at
normal incidence, but reducing the yield at large oblique incidence angles (up to a factor
of 5) [9].

The sputtering of heavy target materials with high surface binding energies like W
[2,10,11] and Mo [2] was investigated experimentally in collaboration with Hechtl (TU
Minchen) and with Wu (NET) and by computer simulation. Experimental and calculated
yield values for tungsten selfsputtering in the energy range from 0.1 to 10 keV and at
normal incidence show good agreement; only at 100 eV the measured value is larger by a
factor of 3. Calculated angular dependences for projectile energies between 350 and 2500
eV show that a yield of unity is reached at about 400 eV and an incidence angle 55° [10).
The sputtering of W with O and OH was studied in the energy range from 150 eV and 10
kev between room temperature and 1900 K at normal incidence. High O concentrations
develop at low bombarding energies and low target temperatures. At 1900 K sputtering

of pure tungsten prevails. The yield reduction due to oxygen built up in the surface layers
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agrees well with computer calculations for the sputtering of stoichiometric WO3 [10].

A calculational study was performed for the sputtering of Mo and W with D, T, and self-
ions. The energy dependence of the sputtering yield was investigated for monoenergetic
bombardment at normal incidence and at 65° and for a incident Maxwellian distribution
with a sheath potential (3 and 9 kT) and without a sheath. The results demonstrate that
the plasma edge temperature has to be kept as low as about 25 €V to avoid Mo or W
sputtering by the hydrogen isotopes. For some projectile energies the angular dependence
of the selfsputtering yield is provided [2].

A similar investigation as for Mo and W is performed for Li, Ga, and In, materials
which may serve as a liquid coating at the first wall. A figure of merit which takes hydro-
gen and selfssputtering as well as radiation and dilution limits into account shows that Li
should be preferred compared to Ga and In (at least at higher ion temperatures). It can
further be concluded that Mo and W become worse in a small temperature range, whereas
Li, Be, and C become better at increasing ion temperature [3].

The energy distributions of C sputtered with 5 keV He, Ne, Ar, and Kr at angles of
incidence 65° and 70° are measured. The strong peaking of the energy distributions at
high energies may be of importance for the penetration of these fast direct recoils into the
discharge. Good agreement is found between measured and calculated distributions [12].

Bombardment of a multicomponent target or a monocomponent target with a non-
volatile projectile will lead to a change in composition in the depth range of the projectiles.
Two such examples have been investigated, namely 1 and 3 keV C on Be [13] and 1 and 6
keV C on W [14] as a function of angle of incidence. Both cases are studied experimentally
and by a dynamic Monte Carlo program (TRIDYN). The calculations show that for W
a C layer forms for incidence angles below about 40° whereas this angle is about 45° for
Be. For larger angles of incidence a layer with a mixed composition occurs. In the case of
W the calculated weight change is in good agreement with the measured values, whereas
carbon seems to diffuse strongly in Be.

A comparative study of the erosion yield of different B doped graphites for 1 keV D
ions at three temperatures, 300 I, 800 K, and 1470 K shows that, besides B4C, USB15 is
one of the most promising materials. B doping of graphite suppresses its chemical reactiv-

ity towards hydrogen isotopes, most probably due to an influence of the substitutional B
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atoms on the C-H binding. In order to ensure a high substitutional B content the thermal
treatment of B doped graphite is of great importance. RES can also be reduced or its onset
can be shifted to higher temperatures by addition of boron [15,16]. TDS measurements
with USB15 demonstrate the reduced formation of CD4 but an increased desorption of D,
compared to pyrolytic graphite [17].

Further investigations currently performed are a study of the dependence of the physi-
cal sputtering yield on the target temperature via a temperature dependence of the surface
binding energy [18], a theoretical study on the threshold energy of sputtering [19], a thor-
ough experimental study on Ti doped graphite (RG-TI) [20], investigations on the surface
composition changes of boronated graphite due to ion bombardment (21] and Ni selfsput-

tering at oblique angles of incidence in collaboration with Hechtl (TU Miinchen) [22].
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1. A Brief Summary of Previous Works

Our group has participated in CRP since 1990. At first our research work is
the calculations of reflection coefficients of H, He and their isotopes by us-
ing bipartition model. Before we took part in CRP, the bipartition model had
shown its large potential of describing ion transport by winning great suc-
cesses in the calculations of electron transport and preliminary successes-in
the calculations of light—ion transport. Aiding financially by 1AEA, we have
made considerable headway in fight—ion transport research since 1990. In
the initial stage (1990-1991), we improved the original bipartition model
for light—ion transport by using accurate elastic scattering cross section and
electronic stopping cross section to take the place of power function ap-
proximation to these cross sections, then increased the calculational preci-
sion of light—ion transport. During this period, we worked out PANDA—-US0
code and used it to calculate the particie reflection coefficients, energy re-
flection coefficients and reflected spectra for H, D, T. *He, *He ions with en-
ergies from 0.01 keV to 100 keV on Be, B, C, Al, Si, Ti, Ni, Fe, Cu.Mo. W, Au
at incident angles as 0°, 15°, 30°, 45°, 60°, 75° These data have been sub-
mitted to CRP, IAEA. During the period from 1991 to 1992, we modified
PANDA—-USO code to consider the influence of surface barrier upon ion
transport (including reflection), and gave out the particle and energy reflec-
tion coefficients, on which the influence of surface barrier has been consid-
ered, in aboved—metioned parameter range. These data have also been sub-
mitted to A+M Unit, IAEA., as an achievement of CRP project. According to
the systematic comparisons between our results and relevant experimental
or Monte Carlo simulation data, which were made by us, as well as by
Thomas, Janev and Smith of |IAEA, we may obtain the following conclu-
sions: 1). When u=M, /M, <0.1, the ion transport behaviour may be des-
cribed very well by CSDA, and the bipartition modei based on CSDA can
calculate reflection coefficient and other transport quantities with consider-
able reliability and high computational efficiency. 2). When
u=M,;/ M,>0.1, the validity of CSDA decrease with the increase of u. In
this condition, the correlation between energy transfer and scattering angle
must be cosidered. This is our research content during 1992-1993.

An important progress of our research work in 1992 is the application of
characteristic line method to solve the Pn—approximation equations for dif-
fusion ions. The characterestic line method may be proved to be equivalent
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to Lax—Wendroff scheme with second precision under CSDA, but it can deal
with the angular correlation of energy transfer in elastic scattering events,
while the Lax— Wendroff scheme can not. Now we have finished the pro-
gramming work for solving the Pn—approximation equations by using
characterstic line method. Therefore, We can extend the reflection calcula-
tion to the case of multicomponent target of low Z and give out the particle
and energy reflection coefficients for H. D, T, He on Be, B, C, Al, Ti, SiC and
TiC. The comparison of our recent calculations with existing data claering
shows that bipartition model can be successfully used to the case of

M,/ M, <1 due to consideration of the angular correlation of ion energy -
transfer by means of characteristic line method.

Another important result of our group in last year is to complete the frame-
work of the programm PANDA—SP which used for calculation of sputtering.
According to the contract(RB /5738 / R2) submitted to IAEA, three years
are needed for the theoretical and programming works of sputtering induced
by ions from solid surfaces. In the first year(1992), on the basis of bipartition
model, we have worked out a sputtering theory within the frame of CSDA.
As a middle stage of final theory, it can give fair good sputtering vields by
considering the transport of cascade atoms and slightly modifying the pre-
vious program. The calculational results show that the new theory possesses
potential to be a quantitative theory of sputtering. Its shortcoming is that the
CSDA will lead large error when u= M,/ M,> 1. In this case the large—an-
gle scattering ions will loss larger energy, then the CSDA is not very
suitable. In the next year, we plan to completely resolve this problem. As a
prelimilary result, we give out the sputtering yields for H, D, T, He bom-
barding-Ni and C. A systematic calculation will be carried out after finishing
all the programming work.
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2. The Future Program

1).

2).
3).

4).

Because our theory for ion transport is rather ripe and our sputtering
theory is basically successful, we plan to make a general detail calcula-
tion of ion reflection and sputtering based on checking input data and
code by using the newest theory and refined numerical method, and
submit the reflection and sputtering data to IAEA as our recommended
data.

We shall make a systematic study on the scaling property of ion trans-
port (including reflection and sputtering).

We will apply bipartition model to the investigation of the phenomenon
of secondary electron emission.

We will also study the change of first wall composition and the evolu-
tion of light—ion reflection and sputtering induced by D and T bom-
barding the first wall for a long—time.

3. Publications

1).
2).
3).
4.

5).

LUO Zheng—ming, JIANG Bin and HOU Qing, Plasma Phys. Control.
Fusion, 1993, to be published.

LUO Zheng—ming and HOU Qing, Acta Physica Sinica, 1993, to be
published (in Chinese).

LUO Zheng—ming and LI Tai—hua, Acta Physica Sinica, 1993. to be
pubiished (in Chinese).

LUO Zheng—ming and HOU Qing, J. Appl. Phys., 1993, to be
published. _ )

LUO Zheng—ming, WU Wen—feng and HOU Qing, submitted to Phys.
Rev. B.
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COORDINATED RESEARCH PROGRAM ON

“PLASMA-INTERACTION INDUCED EROSION OF FUSION REACTOR MATERIALS”
(International Atomic Energy Agency)

Progress Report

A. A. Haasz, University of Toronto, Canada
June 1993

1. INTRODUCTION

Our research has been focussed on the interaction of plasma-facing materials with plasma
particles characteristic of the fusion reactor environment. From an application standpoint, our goal
is to develop — in collaboration with industry — erosion-resistant materials for plasma-facing
components for next-generation fusion devices, such as ITER. To date, the emphasis of our work
has been on the understanding of the mechanisms related to hydrogen transport, trapping,
recombination, physical sputtering, radiation-enhanced sublimation and the formation of hydrocarbon
molecules when graphite is exposed to plasma particles. In some cases the effect of dopant elements
on these processes was also studied. Our investigation also includes thermal conductivity
measurements, due to the importance of this parameter for high heat flux components in future
reactors. Future work will concentrate on the study of graphites doped with a wide range of dopants,
including low-Z, mid-Z and high-Z elements, produced by a Canadian ceramics company.

2. CURRENT RESEARCH FOCUS

« Erosion of First-Wall Materials (Emphasis on Carbon-Based Materials)
— physical sputtering
— chemical erosion of carbon-based materials
— synergistic effects in chemical erosion
— radiation-enhanced sublimation of carbon-based materials

* Hydrogen Transport/Reemission/Retention
— hydrogen diffusion in graphite and doped graphite
— hydrogen reemission from graphite
— hydrogen retention
— hydrogen transport in metals (e.g., Pd, Cu, Fe, W)

3. RESEARCH FACILITIES

+ Low-Energy, High-Flux Accelerators
— mass-analyzed single-beam accelerator (~100 eV to 10 keV)
(H*, D, Het, Ct, Ot, Art)
— dual-beam accelerator (~100 eV to 10 ke V) (two independently controlled mass-
analyzed beams of combinations of above ion species; also CxHy radicals)
— SIMS for surface analysis of multicomponent materials (e.g., doped graphites)
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» Hydrogen Permeation Facility
— studies of H diffusivity, H recombination cocfﬁcwnt on surfaces
— in situ surface analysis using Auger Electron Spectroscopy

» Laser-Induced Thermal Desorption Spectrometry (TDS)
— outgassing and inherent gas content analysis using quadrupole mass-spectrometry

» High-Temperature Vacuum Furnace (to 2500 K)
— laser flash method for thermal diffusivity measurements (40 J pulsed laser)

« UHV Trtium Facility
— uhv system with ~10 Ci tritium
— mass-analyzed ion gun (T* ion beam)
— studies of isotopic effects on erosion and T-retention of fusion materials (exposure
to H*, D*, TY)

4. RECENT RESULTS ON EROSION
4.1 Mechanistic Study of Chemical Erosion

To date, the emphasis of our erosion studies has been focussed on the understanding of the
mechanisms related to the formation of hydrocarbon molecules. The effect of microstructure was
studied by using different graphites (monocrystal, pyrolytic, fine grain isographite). Our dual-beam
ion accelerator enabled us to bombard specimens with mixed species hydrogen (H* and D*)
simultaneously, with independently controlled ion energies, and thus different depth distributions.
By monitoring the reemitted CHxDy molecules, information was obtained on the mechanisms and
spatial origin of the methane formation process. By changmg the depth distribution of the two
impacting species (H and D) from “complete overlap” to “total separation” the amount of mixed
CHxDy molecules was found to decrease [1], supporting the end of range methane molecule
formation hypothesis [ Vietzke et al, J. Nucl. Mater., 128/129 (1984) 545; Roth and Bohdansky, Appl.
Phys. Lett. 51 (1987) 964]. Furthermore, the transient behaviour of the methane RGA signal
indicates the possible breakup of methane molecules as they diffuse to the surface to be released [2].

4.2  Synergistic Chemical Erosion of Graphite

Previous chemical erosion studies, using one energetic species (e.g., H*, Art) in combination
with thermal HC have shown the existence of a synergistic effect, leading to an enhancement in
methane formation [Vietzke et al, J. Nucl. Mater. 111/112 (1982) 763; Haasz et al, J. Nucl. Mater.
128/129 (1984) 593; Haasz, Vietzke et al, J. Nucl. Mater. 145-147 (1987) 412). An obvious reactor-
relevantextension to this study was to use energetic C* (plasma impurity) and HO and H* (fuel atoms/
ions). Forthe case of C*/HO, we have found that thermal HO, in combination with energetic Ct+, results

inchemically enhanced self-sputtering of carbon in the 600-900 K temperature range [3]. Experiments
- with H+ and C* were undertaken to study the effect of H* ion energy on the erosion enhancement.
We found that the addition of C* ions (1-3 keV) to H* ions with >300 eV energy does not appear to
enhance the erosion yield above the level obtained for H* alone [4], indicating that ion-induced
damage to the near-surface layer [5] has been saturated by the H* ions. The additional damage by
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the C* ions does not appear to lead to significantly more hydrocarbon formation due to the limited
supply of H. The erosion yield due to 300 eV H* is already near its maximum level, with about 40%
of the incident H being reemitted in the form of hydrocarbons at 800 K [5]). When in combination
with 100 eV H* ions, C* ions are able to enhance the hydrocarbon formation yield through the
production of additional surface damage, which the 100 eV H* ions do not complete [4]. Thus the
erosion yield due to H* ions with energy <300 eV may be increased to the level corresponding to
~300eV.

To investigate the effect of energy deposition into the near-surface layer of graphite, we have
also studied combined exposures of H*/He* [4], H*/Ar* and H*/Ne* [6]). The addition of He*, Ne*
and Art to Ht is also of interest from a fusion reactor point of view. The He, being the ash of fusion
reaction, will be present in the plasma edge together with the H fuel. Introduction of neon and argon
into the edge plasma, on the other hand, has been considered in order to reduce the plasma
temperature and thus reduce wall erosion; of course one must also consider the erosion enhancement
due to the presence of these species. It appears that in all cases the energy deposition due to the non-
hydrogenic species will enhance the erosion yield of 100 eV H* ions to that of 300 eV H* .

4.3  Chemical Erosion of B and Si-Doped Carbon/Carbon Composites

We have studied the chemical erosion of some B and Si-doped carbon/carbon specimens.
Chemical erosion was reduced significantly, especially at temperatures above ~800 K; the observed
reduction is much larger than that expected on the basis of the dopant-containing fraction of the
specimens [7]. Since only the matrix was doped, we attribute the residual reactivity to the undoped
fibres. Chemical erosion yields of undoped carbon/carbon composites were found to be similar to
those of pyrolytic graphite [7, 8]. Possible causes for the large reductions in the erosion yields of the
doped C/C might be: (i) preferential sputtering of the pure carbon fibres leading to large near-surface
concentrations of dopants, (ii) migration of dopant atoms to the near-surface, or (iii) competing
chemical activity (i.e., H recombination) due to the dopant atoms, leading to a reduction of
hydrocarbon formation. Various surface analysis techniques (Auger, X-ray, RBS) were used, but no
conclusive correlation between dopant concentrations and changes in the erosion yields could be

made. Further experiments will be performed with doped bulk graphites (without fibres) to study
the mechanisms responsible for the reduction of chemical erosion.

S. RECENT RESULTS ON HYDROGEN TRANSPORT
5.1 Mechanistic Study of H Diffusion and Recombination

In addition to the hydrocarbon formation studies, we have also investigated the mechanisms
related to hydrogen transport, trapping, recombination and reemission. Again, different graphites
were used to study the effect of microstructure on these processes. Using our dual-beam accelerator,
specimens were bombarded simultaneously with H* and D+, with independently controlled energies.
In contrast to our findings with CHxDy formation, we found that the reemitted mixed HD was
independent of the implantation range separation. This leads to the conclusion that during steady
state hydrogen bombardment, hydrogen diffuses in the form of atoms in the implantation region in
graphite [9]). This is in disagreement with Moller and Scherzer’s [Appl. Phys. Lett., 50 (1987) 1870]
conclusion that hydrogen moves in the form of molecules. In fact, Moller and Scherzer’s thermal
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desorption spectroscopy (TDS) results are in agreement with our TDS results [10] which behave
differently from our steady-state dynamic reemission results. The transient behaviour of the
reemitted HD, however, depends on the microstructure of graphite. For example, for a monocrystal
graphite specimen bombarded perpendicular to the a-b plane, with separated implant zones, a
relatively long time is needed for the reemitted HD to reach its steady-state level. On the other hand,
if the beam direction s parallel to the a-b plane, steady-state isreached relatively fast for similar beam
energies. Polycrystalline pyrolytic graphite and fine-grain isographite were found to be somewhere
between the two monocrystal cases. Predamaging the test specimens had the effect of speeding up
the achievement of steady-state HD reemission. Based on our results we propose the hypothesis that
hydrogen diffuses in the implantation zone in the form of atoms on crystallite surfaces, grain
boundaries or inherent porosity [11]. In the case of the monocrystal, atom diffusion between planes
is also possible. With increasing ion fluence, crystallites are broken down [Gotoh, J. Nucl. Mater.
162-164 (1989) 851] and intercrystalline paths are formed, leading to increased H-D mixing.

5.2  H/D Retention in Graphite

Hydrogen retention in first wall materials can affect tritium inventory and hydrogen
recycling. In previous experiments [12], using TDS, we have shown that the amount of hydrogen
retained in graphite increases with increasing H*/D* fluence. Also, the amount retained was found
to depend on microstructure. We proposed the hypothesis that subsequent to saturation of H in the
ionimplantation zone, mobile hydrogen atoms diffuse into the graphite bulk beyond the implantation
zone along inherent crystallite and grain boundaries. This model is consistent with our findings that
the amount of retained hydrogen is largest for fine grain graphite and smallest for pseudo-
monocrystal graphite. Some concern remained, however, since we did not expect to see an increase
in retention with fluence for the pseudo-monocrystal.

These earlier experiments were performed with an ion beam having a quasi-Gaussian spatial
profile. Inorderto check whether the “wings” of the Gaussian profile might have affected the fluence
dependence measurements, new experiments have been performed, using a modified technique
where only the central region of the beam is allowed to impact on the test specimens {13]. The new
results confirm the increasing retention with increasing incident H+/D+ fluence, for the polycrystalline
fine grain and pyrolytic graphites, and also the dependence on microstructure. The major difference
in the two sets of results is that in the latter case the retained hydrogen in the monocrystal did not
increase with fluence, consistent with the proposed hypothesis.

53 Reemission of H/D from Graphites

We also studied the reemission of hydrogen from pure and B-doped bulk graphites as a
function of temperature [14-16]. We found that for T < 1000 K the reemitted hydrogen is in the form
of Hy molecules, and as the temperature is increased above 1000 K, an increasing fraction of the
reemitted hydrogenisin the form of Hatoms[15]. In this study the effect of the dopants did not appear
tobe significant. The importance of this finding is the form of the reemitted hydrogen, i.e., dominated
by HO at high temperatures; this could affect H-recycling and transport in the tokamak edge plasma.
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6. FUTURE WORK

Future research will focus on the study of graphites doped with low-Z, mid-Z and high-Z
elements vis-a-vis erosion, hydrogen transport, thermal conductivity and thermal stability. Emphasis
will be on both the understanding of these processes and the characterization of doped graphite under
ion beam exposure.

6.1  Erosion During Plasma Exposure

Experiments to be performed with the doped specimens will focus on chemical erosion in the
600-900 K temperature range and RES for T> 1300 K. Inorder to obtain a comparison of the erosion
behaviour as a function of dopant type and concentration, most of the erosion studies will involve
single species H* impact. For a selected set of specimens, however, H* combined with Het, Ot or
C+ (reactor relevant impurities) will be used to investigate synergistic effects. Some specimens will
also be exposed to T* ions to study isotopic effects.

To study the effect of dope elements — and dopant concentrations — on the hydrocarbon
formation process, we will use the dual beam accelerator to simultaneously implant H* and D+ and
monitor the emission of mixed species hydrocarbons (as well as Hp, HD and D) as a function of range
separation. The technique to be used is similar to that used with undoped graphites of different
microstructures. Based on previous results we know that dopants do lead to a reduction of chemical
reactivity, but the mechanisms responsible for this have not been identified. In the proposed
experiments we will look for characteristics in the hydrocarbon emission signal — both transient and
steady-state — that might indicate whether the controlling mechanism is related to the precursor
formation or the final step in the formation of the volatile molecules. These results will be assessed
in conjunction with the H/D reemission measurements.

6.2 Hydrogen Retention/Diffusion

Using the TDS technique, we will study the effect of dopants (species and concentration) on
the fluence dependence of H retention due to H+ impact. The basic question is whether the dopants
act as catalytic sites for increasing Hj recombination, which in turn could lead to an increase in the
H2 reemission and a decrease in the amount of hydrogen trapped beyond the implantation zone. To
gain some insight into the recombination process, H*/D* implantation experiments with the dual-
beam will also be performed, as discussed above for the hydrocarbon formation process.

6.3  Thermal Diffusivity

From a fusion reactor application perspective, materials used for plasma-facing components
must have sufficiently high thermal conductivities to handle high heat fluxes. This requirement has
become more focussed with ITER. Therefore, in addition to the erosion and H-retention behaviour
of the doped graphite specimens, we will also perform a comparative study of the thermal
diffusivities. For this purpose the laser flash technique will be used. The technique involves the
deposition of heat via the laser on one face of a thin disc sample and the monitoring of the temperature
rise onthe other face. Using an appropriate selection of sample thickness and laser energy (per pulse),
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thermal diffusivity can be derived from the time dependence of the measured temperature rise. The
experiments will be performed using a 40 J Nd-glass laser.
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Dr. E. Vietzke INSTITUT FOR PLASMAPHYSIK D-52425 julich , Germany

Progress Report on the work of the research agreement No. 6237/CF IAEA-KFA Jiilich
conceming the research project
"Chemical sputtering and radiation-enhanced sublimation
of fusion reactor materials"

Our activities in this project were mainly concentrated on the following subjects:

Chemical impurity production under boronized wall conditions in TEXTOR:

The TEXTOR SNIFFER probe has been used to analyse the chemical impurity production under various
plasma and boronized wall conditions. Methane formation has been observed to 0.6-1 x 1072 CH 4/H
at room temperature,increasing slightly with increasing density in the SOL The hydrocarbon
formation yields increase from RT. to the maximum at about 500°C by a factor of 1.5-2.5. Increasing
the impaa energy by biasing the graphite plate lead to a decrease of the hydrocarbon yield at room
temperature but to an increase at 500°C. Chemical CO formation due interaction of oxygen
impurities with the graphite reaches ratios between 0.5 and 3 x 102 CO/H,D increasing with
increasing distance to the limiter edge.

High temperature behaviour of B-, Si- and Ti-doped carbon:

The thermal sublimation and radiation-enhanced sublimation (RES, using 3 keV 03"’ and Art ions)
of boron-doped carbon material (3.8% B, Carbonne Loraine S 1122, silicon/carbon (SiC30, Schunke),
titanium/carbon (RGTi) has been studied. The summary of these result is:

The B, Si, Ti sublimation from doped carbon is reduced compared to pure B, Si or Ti and similar to
the correspondent carbids, except one component of SiC30 is similar to pure Si (possibly the free Si
component of 5%). After a heat treatment at 2000°C it is again similar to SiC.

The impurities desorb at characteristic temperatures in comparable large amounts. Heat treatment
seems to be a passible way of reducing the impurity content (for example Fe, Al and Si in RGTi).
Radiation-enhanced sublimation (RES) is not supressed. Solely, in the case of B/C a shift of the
onset temperature to higher values is observed.

By applying these result for the release of particles under TEXTOR limiter conditions the following
statement can be made: Below 2000°C the release of partides is dominated by physical sputtering
and RES, except for the impurity release and the release of free Si from SiC30.
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Limiter test experiments in TEXTOR:

Test-limiters experiments in TEXTOR have been performed by using different low-Z materials: EK98 as
reference, 20% B-doped carbon [Toye Tanso), B4C coat-mixed, SiC coat-mixed [both fabricated in
KFA Julich] and SiC30 [Schunk]. The test limiters have been exposed in TEXTOR to high heat loads up
10 about 30 MW/m2. Maximum surface temperatures up to 3000°C have been reached. It has been
found that the dopands sublime as expected from normal thermal simulation.

The present analysis shows that in the range between 1200 and 1900 °C the RES-induced carbon
emission is much smaller than present beam and plasma simulation experiments predicts for the
condition in TEXTOR. For pure carbon a sudden acceleration of the rise of the surface temperature
has been found at about 2400°C: hot spot formation. The developement of the hot spot is explained
by the break down of the sheath potential due to thermal electron emisssion.

Developing of a new technique for in-situ erosion and redeposition measurements:

Based on the very different refractive constants of quartz substrates (~1.5) and of amorphous
deposits (>1.7) collected In the SOL of TEXTOR, in-situ reflectometry has been developed in order to
determine the growth rate. After the laboratory experiments, this method has now been sucessfully
tested at TEXTOR The determined growth rate in the limiter shadow in the order of 5 nm/sec agrees
well with those determined by collector probes,
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Sputtering and Hydrogen Recycling in Metal—Carbidé
Composite Materials

‘'Kenji MORITA
Department of Crystalline Materials, School of Engineering,
Nagoya University, Furo-cho, Chigusa-ku, Nagoya 464-01,JAPAN

OBJECTIVES of this project are understanding of erosion
process of metal-carbon composite materials including redeposi-
tion and establishment of the data base and the simulation model
for prediction of the erosion rate and also understanding of
re-emission processes of hydrogen isotopes{(H and D) in carbon and
carbon-metal composite materials and establishment of the data
base and the simulation model for prediction of hydrogen
recycling rate and hydrogen inventory.

SO FAR, it has been shown by the present group,concerning
the erosion, that ion-bombardment induced sputtering of metal
from the metal carbide layer deposited on graphite at high
temperatures is substantially suppressed by self-sustaining
coverage of the surface with segregated carbon atoms, which are
supplied via diffusion from the graphite substrate, below certain
critical ion flux, for instance, 1x10’% 1keV HtcmZs-! for TiCc/
graphite at 900 C. _ .

It has been also shown,concerning the hydrogen retention,
that the steady state depth profiles of hydrogen isotopes
implanted into graphite are excellently well reproduced by the
solution of the mass balance equations for both freely diffusing
hydrogen andtrapped one, which various elementary processes;
diffusion, recession of the surface, implantation source, trapping
(or retrapping), thermal and ion-induced detrapping, local
molecular recombination both between activated(free) hydrogen
atoms and between an activated hydrogen atom and a trapped one
and hydrocarbon formation are taken into account and by best
fitting of the solution to the experimental data the diffusion
constant and the rate constant of local molecular recombination
between an activated hydrogen atom and a trapped one are
determined as a function of inverse temperature.

IN THE LAST three(1990,1991,1992) years, we have perfomed
following two tasks concern this project: (1) high temperature
sputtering of metal from carbon-metal composite materials and (2)
re-emission of hydrogen isotopes from graphite.

(1) High Temperature Sputtering of Metal from Carbon-Metal
Composite Materials

In the experiments on WC layers(of 3000 A in thickness)
bombarded with 5 keV Artion beam, it has been found that the
sputtering yield of W from the WC layer at 1550 C decreases down
to zero at a critical ion flux of 4.6xI10%cmi2s~! with decreasing
the ion flux and that the sputtering yield of W at 6x103cniZs-}
also decreases down to zero at a critical temperature of 1600 C
with increasing the temperature. It is determined from analysis
of the latter data that the activation energy of the dissolution
rate of carbon atoms at the surface is 2.0 eV, which is a key
parameter for predicting the critical flux and temperature under
different conditions.
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The critical ion flux of 6.0x10%cni?s™/ for 5 keV Art at 1600C
is estimated to correspond to 1.1x10’%cm?s™ for 100 ev H', which
is a peak particle load at the first wall of ITER.

In the experiments with TiC coating on graphite bombarded
with high heat flux plasma(NAGDIS-I plasma) at 1x10'7cm?s-/, it has
been found in the temperature up to 1600C that as the temperature
increases the Ti sputtering yield increases gradually, decreases
abruptly at 1000C and again increases through a deep minimum at

1200cC. The sputtering behavior is reasonably explained in terms
of the self-sustaining coverage of the TiC surface with
segregated carbon layers. It is found in the data analysis that

the most preferable performance of the plasma facing components
can realized by radiation-induced multilayer segregation.

(2) Re-emission of Hydrogen Isotopes from Graphite

In order to confirm in detail the validity of the mass
balance equations and to determine -the rate constants of the
elementary processes for re-emission included in them, the ion-
induced and isothermal re-emission of hydrogen isotopes implanted
into graphite has been studied by means of the ERD technique.

In the experiment on the ion-induced re-emission with 1.5
MeV Het ion beam, it has been found that the re-emission profiles
of H and D are excellently well reproduced by the solution of the
mass balance equations,in which local molecular recombination
between an activated hydrogen and a trapped one plays a major
role in the re-emission process. From the data analysis the
ratios of the rate constants of local molecular recombination to
trapping and the ion-induced detrapping cross-section have been
determined. It has been also found that there exists a strong
isotope effect in the ratios of the rate constants.

In the experiments on the isothermal re-emission of hydrogen
isotopes implanted up to saturation, it has been found that the
re-emission profiles of H and D are also well reproduced by the
solution of the mass balance equations,which local molecular
recombination between activated hydrogen atoms plays a major role
in the re-emission process in this case. From the data analysis
the thermal detrapping rate, the effective recombination rate and
the branching ratio of hydrocarbon emission to hydrogen molecule
emission have been determined as function of inverse temperature.
It has also been found that there exsits a strong isotope effect
in the effective recombination rates for H and D.

In the experiments on the isothermal re-emission of hydrogen
implanted at several under-saturation levels, it has been found
that the re-emission rate becomes smaller as the initial
implantation concentration decreases,which is ascribed to
retapping effect of thermally activated hydrogen atoms at
available open traps. From the data analysis, the rate constant
of hydrocarbon molecule formation. has been determined as function
of inverse temperature.

Finally, in order to correspond the data on the elementary
processes obtained by direct measurement of hydrogen retained in
the specimen to those obtained by measurement of emitted hydrogen
molecule, the thermal desorption spectrum has been calculated
from the theoretical re-emission profile{solution of the mass
balance equation). It has been shown that the calculated thermal
desorption spectrum shows good agreement with the experimental
one.
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A summary of UCLA efforts on the coordinated research program
on the plasma-interaction induced erosion of fusion reactor materials

Yoshi Hirooka

PISCES Plasma-Surface Interactions Research Laboratory
Institute of Plasma and Fusion Research
University of California, Los Angeles

Synopsis

Since the last CRP meeting in 1991, the emphasis in the PMI research at
UCLA has been shifted from carbon-based materials to high-Z materials in order
to develop divertor plate materials in ITER to be used during the technology
phase. In this report, the data from recent tungsten erosion experiments will be
reviewed. Also, a new beryllium handling facility is currently under
construction and the details of this safety facility will be described.

1. Introduction

It is widely recognized that the conditions under which plasma-facing
components are exposed to the plasma in ITER will be extremely severe. Currently,
only three classes of materials are considered as candidates for the ITER divertor
plate application [1]. These candidates are carbon, beryllium, and tungsten. Fusion-
related properties of these materials are listed in Table 1. Their compounds such as
beryllium carbide may also be considered as candidates.

Among these candidates, carbon materials have widely been used in existing
magnetic fusion devices such as TFIR, JT-60, and JET. In the PISCES program,
extensive characterization and evaluation experiments have been carried out for
carbon-based materials. In fact, bulk-boronized graphite has been developed as the
product of these experiments [2] and is currently used for the main limiter in the
Wenderstein Stellarator [3].

Because of their wide application, the carbon-based materials data base is
relatively well established. Although the data base is still incomplete, beryllium has
been used successfully in the first DT fusion experiments in JET [4]. Based on these
experiences, carbon and beryllium are the primary candidates for the ITER divertor
plate during the physics phase operation. By contrast, very little is known about the
performance of tungsten and its coatings as a plasma-facing material. Nonetheless,
because of its high erosion resistance, tungsten can be a potential candidate for the
technology phase operation of ITER.

In support of the PFC technology development for ITER, divertor materials
evaluation and development efforts have been made as part of the PISCES program
at UCLA. In this report, recent data from tungsten erosion experiments and a new
beryllium handling facility will be described.
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Table 1 The divertor plate material requirements and a comparison of three candidates.

Required properties Beryllium Carbon Tungsten
1. Low atomic number 4 6 74

2. Low sputtering yield (by D* at 100 eV) 0.04 0.01 oD

3. High melting point (°C) 1283 3367 2 3410

4. High thermal conductivity (W/m K) 300 50-800 3 180

5. High heat capacity (J/g K) 23 16 14

6. No hydride formation/hydrogen codeposition Yes¥ Yes No

7. In-situ repair by plasma spray ? Yes No Yes

8. Machinable ? Yes Yes No

(1) The threshold energy is higher than 100 eV for deuterium ion bombardment [5].
(2) Sublimation temperature at 1 atm.

(3) Room temperature values. Data strongly depend on the structure.

(4) Possible hydride formation in the presence of atomic hydrogen.

2. Recent tungsten erosion experiments

Regarding lifetime, tungsten is an attractive candidate because of its high
threshold energies for physical sputtering (calculated Ey, values for W are 783, 341,
213 eV for H, D, T, respectively [5]). This means that if the edge plasma temperature
is controlled to a few tens of electron volts, it is possible to eliminate sputtering of
the tungsten divertor plate due to DT-fuel ions although the effect of high-energy
charge exchange neutrals on divertor erosion is yet-to-be explored.

One of the technical issues associated with the use of high-Z materials is the
effect of impurities such as oxygen on sputtering. To explore this impurity effect,
the erosion behavior of tungsten has been investigated using the PISCES-B mod
facility [6,7). Because machining and welding of tungsten is extremely difficult, it is
important to investigate the possible use of its coatings for PFCs. Two different
coatings techniques are employed here: chemical vapor deposition (CVD) and low
pressure plasma spray (LPPS) to prepare Imm thick coatings on molybdenum.

In PISCES-B plasmas there are unavoidable oxygen-containing impurities
such as HyO+ and OH*, both related to residual water vapor. However, the
concentration of these impurities can be varied in the range from 0.1 % to 2 % by
controlling the pumping speed and the electron temperature. More specifically,
these control "knobs" are to regulate the neutral pressure of water vapor and the
ionization rate. Here, one can assume that the sputtering yield of tungsten due to
these impurity radicals is not too different from that due to elemental oxygen. The
nominal oxygen impurity concentration predicted in the DT-plasma in ITER is about
0.1 % [8]. Therefore, the experimental conditions in PISCES-B mod are believed to
be directly ITER-relevant.
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Fig. 1 Tungsten erosion under deuterium plasma bombardment
with oxygen contamination in PISCES-B mod [10].

Shown in Fig. 1 are the "effective” sputtering yield data taken for tungsten
and its coatings under deuterium plasma bombardment with controlled oxygen
contamination at a surface temperature of 15000C. Notice that there is no difference
in the erosion behavior between bulk-tungsten and tungsten coatings, and erosion
generally starts at energies below 100 eV due to the effect of oxygen contamination.
The sputtering threshold of tungsten by oxygen is about 50 eV [5], which appears to
be consistent with the data presented here.

Because tungsten oxides are generally volatile at temperatures above 1000°C,
evaporation-enhanced sputtering was once raised as a potential issue [9]. However,
tungsten oxides are predicted to be extremely unstable in the presence of atomic
hydrogen, a major constituent of low temperature plasmas. Also, the estimated
evaporation rate at 15000C is found to be negligitle, compared with the total erosion
rate. Therefore, the effective erosion rate may be approximated by the sum of
physical sputtering yields due to deuterium and oxygen [10).
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As such, trace amounts of oxygen can significantly alter the overall erosion
behavior of tungsten. However, this impurity effect can be minimized by lowering
the electron temperature, perhaps using a new divertor concept such as gaseous
divertor {11]. At electron temperatures below 10 eV, oxygen molecular dissociation
does not occur rapidly and the reaction: O; + e => Oy- becomes more important
than the reaction: Oz + e => Oz* + 2e” [12]. This argument implies that at low
electron temperatures, oxygen impurities may not significantly contribute to the
divertor erosion.

As to the comparison of tungsten with other candidates, as shown in Table 2,
even under the influence of 0.1 % oxygen impurities, the effective sputtering yield of
tungsten is about 3-4 orders magnitude below those calculated for beryllium and
carbon, predicted by the REDEP code [8]. At a low edge temperature of 30-40 eV,
the lifetime for 5 mm thick tungsten and beryllium divertor plates is estimated to be
7 years and 2 weeks, respectively. It follows immediately from these arguments that
tungsten is an important option if the lifetime is critical for the operation of ITER.

Table 2 Lifetime calculated with the REDEP code for a 5 mm thick divertor plate [8).

Material Conditions?) Duty factor?) Lifetime®
Carbon Te=30 eV, physical sputtering only 100 % 11 days
2% 15yr
Beryllium Te=30eV 100 % 4 days
2% 05 yr
Tungsten Te=40eV 100 % 7yr
2% 350 yr

(1) No x-point sweep assumed.

(2) Burn time per calendar time.

(3) Based on peak net erosion rates due to DT-plasma with 0.1% oxygen contamination.
Valued in this table are rearranged from Tables II and III in reference 8.

3. Near-future work on beryllium

In the PISCES program, erosion and redeposition experiments are planned for
beryllium and its compounds in the near future. However, beryllium can be a

deadly substance if its oxides at certain particle sizes (0.1-10 um in diameter) are
inhaled and accumulated in the human lung. Beryllium-induced symptoms,
referred to as berylliosis, can be found years after exposure. The biological
susceptibility to beryllium is quite individual and can not be standardized.
Furthermore, unlike radioactive materials, it is not possible to monitor real-time the
amount of airborne beryllium oxide particles. Therefore, the handling of beryllium
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must be done with maximum caution. Presumably due to this safety issue, JET is
the only operating device using beryllium for PFCs. In fact, the in-vessel work in
JET is done by workers in "astronautical” full-cover pressurized suits and respirators
with air supply.

Although, as shown in Table 2, beryllium can not make a long lifetime
divertor plate, there are several attractive features (see Table 1) to allow us to predict
successful operation of ITER. One major advantage is that beryllium has the lowest-
Z number among the three candidates. There are several technical issues on the use

of beryllium: (1) the low melting point of 12870C, limiting the operational
temperature; (2) high sputtering yield, limiting the duty factor of reactor operation
(3) possible formation of hydrides (BeH>) at the presence of atomic hydrogen,
leading to a large tritium inventory; (4) the effect of helium bubbles to be formed
due to the (n, 2n) transmutation reaction, leading to a degradation of mechanical
properties (5) limited knowledge about redeposited beryllium.

In the PISCES program, a beryllium handling facility shown in Fig. 2 is being
constructed and will be operational in 1994. This facility is basically an air-tight
enclosure to cover the PISCES-B mod facility. Major features are: (1) ultra-clean

condition with an airborne beryllium concentration below 0.01 pug/ms3; (2) high-rate
ventilation with a HEPA-filtered exhaust system at a flow rate of 4000 CFM; (3)
negative pressure maintained to prevent outflows of beryllium-contaminated air; (4)
double-door with a key entry system to control the access. In addition, the standard

operation procedure in this facility requires workers to wear safety suits equivalent
to those used at JET [13].

Exhaust Duct

(HEPA)

Intake Ducts - Double Door Entry
(HEPA)

Fig.2 The beryllium handling facility for PISCES-B mod (and PISCES-Upgrade)
is currently under construction and will be operational in 1994.
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A Summary Report on the Contribution of the Institute of Nuclear Fusion
PRC Kurchatov Institute to the IAEA CRP on Plasma-Interaction Induced
Erosion of Fusion Reactor Materials

Maria Guseva

1. Imtroduction

The boron containing carbon/graphite materials are characterized by a number of unique
properties from the viewpoint of their perspective as ITER plasma facing components. They
are:

- low atomic number of doping impurity,

- low chemical sputtering,

- shift in the radiation-enhanced-sublimation (RES) process threshold to higher
temperatures and reduced high-temperature erosion,

- reduction in the hydrogen isotopes inventory.

1.  The high resistance of boron containing graphites to chemical and high-temperature
erosion by hydrogen ions was demonstrated for the first time on the USB-15 graphite
[1-6]. However, a serious drawback USB-15, as well as of other boronized graphites,
is its low thermal conductivity.

In this connection, a high heat load test of boron containing carbon graphites materials
would be of great interest.

In co-operation with TRINITI (Troitsk) we have performed the following experiments
and tests:

- plasma disruption simulation experiments by pulsed high power plasma-U,
- test of the Tokamak T-10 rail limiter, consisting of several tiles made of USB-15, B,C
and, for comparison, also of pure graphite MPG-8.

2. The physical basis of the unique properties of boror containing materials is not clear.
In this connection we have performed studies of the USB-15 chemical composition after
irradiation by ion and plasma hydrogen fluxes at different temperatures, and studies on
the effects of simultaneous and successive irradation by H' + O*, H* + C* ions on the
hydrogen distribution profiles in USB-15.

3. The temperature dependences of the sputtering yield for a number boron containing
carbon/graphite materials and CFCs doped with B, Si and Ti was also studied.
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Experiment
Parameters of pulsed plasma

Power flux intensity - 2.10° MW/m?
Energy flux density - 0.12 MJ/m’
Pulse duration - 0.06 ms

Energy of hydrogen ions - 1 keV
Number of pulses - up to 100

The tested materials were USB-15, Recbor (4%B), POCO-AXF-5Q, pyrolytic graphite.
The faciltiy used was - MK-200 coaxial accelerator.

Plasma parameters at the T-10 limiter were: n, = 0.5x10'? - 10" ¢cm™; T, = 20-50 eV,
plasma flux F=5x10'® - 2x10" c¢m™ s™'; the power load was up to 5 MW/m® in ohmic
discharges and up to 20 MW/m? in discharges with ECR heating; the pulse duration was
0.5-1s, and during, ECR-heating 0,1-0,4s. The total fluence for approximate 2500
operating shots, including some hundreds of shots with disruptions, was 10?'-10% at
/cm?. The tested materials were USB-15 coating (100-300 um) on MPG-8 graphite, B,C
coating (100 um) on MPG-8 graphite and on pyrolytic graphite, MPG-8 graphite.

Materials tested by the temperature dependences of sputtering yields: B,C, graphite
RGTi, RGTi+1%B and the CFC composites: K4P VM (Si, Ti), KI1-5415 (Si, TiB)
UAM, UAM+1%B.

Results

The erosion yields of graphite Recbor and USB-15, irradiated by pulsed hydrogen
plasma fluxes under the same operating conditions, are the same and close to the erosion
of the POCO-AXF-5Q graphite. The reason is: the same value of Kindgery's criterion,
which determines the thermal strength of materials.

On the USB-15 and Recbor surfaces, irradiated by hydrogen plasmoids, bulges caused
by the melting of B,C-phase were observed, but no cracks: Cracks were observed on the
POCO surfaces.

No cracks or flakes, which are typical for pure graphites (POCO, MPG-8), on the T-10
boron containing (USB-15, B,C) limiter tiles on the ion-side were observed.

A significant change of the structure of B,C coating on MPG-8 was observed on the
electron side: melting of the layer surface with followed recrystallization. The melting
of B,C covering on the pyrolytic graphite had a single island character. The structure
of USB-covering after exposure has practically not changed.

Traces of unipolar arcs on the ion side were observed on all tiles and their intensity was
larger for the B,C coverings.
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The phase and chemical composition of the B,C covering have not changed. The boron

concentration in the surface layer of USB-15 covering increased from ~ 15 at % up to
21 at %.

All features observed by ion beam interactions with boron containing graphites can be
explained in terms of the interaction of boron impurity atoms with the radiation defects,
(such as brocken bonds among carbon atoms), which are responsible for the capture of
hydrogen. Saturation of the torn bonds by boron assists in moderation of hydrocarbon
production and in a reduction in hydrogen accumulation in boron containing materials.
The reduction of RES erosion in boron containing graphite can be explained by
production of complexes: interstitial carbon atom - boron which decelerate the diffusion
of interstitial carbon atoms towards the surface.

In all the boron-containing carbon graphite materials the chemical sputtering is lower
than that in the pure graphites. The chemical spuitering is suppressed to the highest
degree in B,C and in USB-15, which also differ from other materials by a lower erosion
in the high temperature range.

We are planning the following research in the near futurs:

1. Study of the energy and temperature dependences of beryllium sputtering yields by Be'-
ions.

2. Study of the microstructural changes and chemcial composition of Be irradiated by
neutrons before and after plasma irradiation.

3. Study of the Be-redeposited layer.

4.  Study of the redeposited carbon/graphite materials produced in interaction of ions and
high heat power plasmoids with graphite.

5.  The effect of boron on chemical sputtering and RES erosion of CFCs under intense
hydrogen flows.
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Progress Report on the
Research of Kurchatov Institute on Disruption Erosion

Yu. Martynenko
(Addendum to the Report of Prof. M. Guseva)

Disruption erosion is one of the most important mechanisms of erosion in tokamaks;
nevertheless, this mechanism has been investigated very little. The research on disruption
erosion in the Kurchatov Institute (KI) started in 1990. The main attention was paid to the
problems of vapor shielding and the mechanisms of surface erosion.

The work on the problem of surface shielding by vapor was done in colaboration with
the Federal Russian Nuclear Centre (FRNC) in Chelyabinsk-70, where the computer codes for
plasma dynamics with radiation transport were developed. There are 1-D and 2-D codes for
solving the hydrodynamic equations with heat conductivity and radiation transport (including
line radiation). These codes were adapted to the problem of surface shielding by vapor which
can be considered as a plasma with ionization degree depending on electron temperature. The
contact of the shielding plasma with the surface determines the boundary conditions. These
are: the power flux from the plasma to the surface, the flux of evaporated particles from the
surface to the plasma and the velocities of these particles.

The power flux to the surface determines the surface temperature, which can be obtained
from the heat conductivity equation. The surface temperature determines the surface erosion
rate. Usually the mechanism of surface erosion is evaporation from the surface, but, as was
shown at KI, in the case of graphite and other brittle materials, the main surface erosion
mechanism is cracking as a result of thermal stress and particle emission. The model of
brittle material erosion under thermal shock was developed at KI. It assumes that cracking
occurs at first between crystal blocks with different orientation and/or different temperatures.
The erosion rate as a function of the surface temperature and the gradient of the temperature
near the surface was obtained. The surface erosion rate is to be included in the boundary
conditions both for the problem of shielding plasma and for the problem of heat conductivity
in a material. Thus, the problems of the shielding plasma and the material heating and
erosion are treated in a self-consistent manner.

The first results of the calculations of graphite erosion due to hydrogen plasma flow with
q=10 MW/cm? were obtained by the FRNC computer code. They show that after short time
of shielding plasma formation the energy of primary plasma flow is released within a
relatively thin layer near the front edge of the shielding plasma and then is transported to the
surface due to the shielding plasma heat conductivity. But the expansion velocity of shielding
plasma is higher than that of heat flow. Hence the temperature of the shielding plasma near
the surface gradually decreases, the erosion rate, consequently, also decreases and after a few
microseconds it rapidly stops. The total erosion depth is some hundred nm. If the pulse
duration is 0.1 ms only ~ 1% of the primary plasma flow energy is spent on vapor heating,
ionization and expansion. For carbon only 5% of energy is back irradiated.
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The above result for carbon was, however obtained without taking into account the
magnetic field. As expected, the magnetic field prevents the shielding plasma expansion,
increases its density and may increase the radiation. The input of radiation is also higher for
higher Z materials.

This result was obtained for laminar plasma expansion. However, there are some
reasons for turbulence to occur in the shielding plasma. The analytical model with
turbulence mixed plasma was considered at KI. This model gives the best energy transport

from the front edge of shielding plasma to the surface and gives the upper limit of surface
erosion. The shielding factor obtained by this model is % + V5.

Our future research plans include:

1.  Accurate computation of disruption induced graphite and beryllium erosion.

2. Research of shielding plasma behavior with taking into account the magnetic field
effects and the geometry of divertor plates and first wall.

3.  Research of melting materials erosion. The liquid layer of melted material contacting
with plasma is unstable and may be sprayed.
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Use of plasma-sprayed boron carbide as plasma facing component in
Tore-Supra

E. Gauthier
Association Buratom-CEA sur 1a Fusion Contrdlée
CEN Cadarache
F 13108 Saint Paul lez Durance

Tore-Supra is a large size tokamak (R=2.35 m, a=0.80 m) with supraconductive toroidal
coils (4.5 T on axis), The permancnt toroidal ficld and the implementation of actively
conled plasma facing components permit to ohtain long duration discharges in a steady state
regime. To extend the discharge duration beyond the transformer limit a non inductive
current drive generation is used by mecans of low hybrid waves (LH) at 3.7 GHz. The
maximum I.H power coupled is cqual to 6 MW,

Steady state discharges as long as 1 minute on the flat top have been obtained with 2.5 MW
of LH corresponding to 170 MJ injected in the plasma. The average power deposition on
the inner wall in this case is about 0.3 MW/m2, Bven with such a Jow flux, with an infrarcd
camera view of the inner wall some hot spots can be seen, whose surface temperature larger
than 2000°C. Those hol spots never induced a carbon bloom as noticed on JET,
nevertheless, carbon impurity incrcase as fonction of the total input energy.

Due to the technical difficultics cncountered in brazing carbon on any metallic substrates
(stainless steel, copper, molybdenum...), & new technic using a low Z-material without
brazing is investigated for components exposed to a medium flux : Plasma sprayed boron
carbide.

Plasma sprayed boron carbide techniques have been developped and patented by the CEBA.
It Is now used on an Industiial base by SNMI, 1 conipany localed in Avignon, The boron
carbide powder is introduced in a plasma torch where it melts and is projecied to the
substrate. The plasma gas is a mixture of argon and hydrogene and the coating is done in a
chamber filled with argon al athospheric pressure. During the coating, the substrale
temperature is kept constantc (<80 °C) by using a cryogenic cooling (liquid argon). Prior
to the coating a surface preparation of the substrate must be done, The substrate is sand
blacted to oblain an averago surface roughnore of abont Sum to incroase the bonding of the
coating with the substrate. The tensile strength of B4C coaling on stainless stecl is 20 MPa.,
B4C coating have been deposited onto OFHC copper, copper alloys (glidcop Al25,
CuCrZr), stainicss steel, molybdenum (TZM), graphite, CFC and alumina. The thickness
of the B4C coating we used in Torc-Supra is between 100 and 200um. Of course, the life
time of the B4C laycr depends of its thickness and of the erosion yicld. As the surface
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temperature in the tokamak is kept lower than 1000°C, crosion is mainly due to physical
sputtering of B4C by deuterium ions. This sputtering yield was measured and is comparable
tn that measnred nn sintered haren carhide. Chemical spitiering with axygen inns shnwed a
reduction by a factor 3 compared with that of carbon material,

The thermal behaviour of B4C  coating was investigated by using the FIE200 clectron gun.
These tests were achieved on a 200um B4C Jayer has been deposited on a glidcop mock-up
actively cooled with a water loop. The size of the mock-up is 17x200 mm, the water tube is
10 mm o.d. with a swirl inserted in it ; the distance between the water and the glidcop
surface is 2.5 mm. The mock-up was cxposcd 1o heat fluxes up to 10 MW/m? in a steady
state regime, the surface tomperature reached 1000°C. Then fatigue tests were performed at
a level of 6 MW/m?2, 1000 cycles of 10 scconds were donc without showing any damage on
the B,C coating. Analysis of the thermal behaviour as fonction of the heat flux was done
using the code Castem 2000. The calculated values fitted very well the experimental values
for thermocouplcs inscrted at different Jocation in the glicop anf for a B4C layer's thcrmal
conductivity equal to 4 W/m.K. This low value, compared with that of bulk boron carbide,
is in pood apreement with those ohtained from Iahoratory measurements by our group and
also the value measured with flash Jaser experiment by Van der Laan et al.

Plasma sprayed boron carbide has been used in Tore-Supra as low Z materials protection on
the JCRH Faraday screen. The B4C covered the frame of the screen and half parl of the
tubes cxposed to the plasma. In vacuum, the antenna with new TFaraday screen shows a
reduction of the RF Josses by a factor of 6 comparcd {o the antenna with the old Iaraday
screen (with carbon tiles). In plasma operation, the two antenanac behave similarly except
for the radiated power which was 20% lower during the RF pulse with the new screen due
to a strong reduction of the heavy impirities content (Ni, Fe...). After one yecar of
operation, visual inspection of (he Faraday screen was done, without showing any damage.

In the future, plasma sprayed boron carbide will be used more extensively in Tore-Supra ;
two Low-IIybride waves launchers are alrcady protected at the edge in contact with the
plasma to avoid copper impurity gencration during LH pulse and one of the threc ICRH
antennae 18 equiped with 8 horan carhide-copper limiter. Tn this case, the erasion of the
laycr will be a critical point due to the higher flux of particules which is expected on this
antenna limiter. Without taking into account any rcdeposition process, the life time of this
fimiter should bc about 1045, which is more than the total ICRH discharge duration
integrated over onc year,

In the next two years, a program to improve the thermomechanical properties of the plasma
sprayed boron carbidc coating and cspecialy to increase the thermal conductivity of the B,C
layer to 10W/m.X is undertaken ; this is necessary 1o allow to increase the thickness of the
Iaycr up to 1 mm so as to be adequate for Tore-Supra and potontial JTER applications,
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