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Abstract

The possible synergistic effects which can contribute to plasma surface

interaction phenomena in fusion devices are reviewed. These effects include the

influence of reactive ions, surface modification, temperature, radiation damage,

and external forces and fields on erosion yields, hydrogen retention and

release, and other surface processes. The important synergistic effects are

described in terms of surface and edge conditions encountered in present fusion

devices and expected in future reactors. Priority data needs include the chemi-

cal erosion of graphite at high particle fluxes, melt-layer stabil i ty under

disruption-induced eddy current forces, the influence of bulk neutron damage

on hydrogen retention, and an in-situ evaluation of synergistic effects in

operating fusion devices.

•Operated by Martin Marietta Energy Systems, Inc. under contract DE-AC05-840R21400
with the U.S. Department of Energy.
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1. Introduction

Synergisms refer to phenomena where the combined effect of independent

processes is significantly different from the individual effects considered

separately. Synergistic effects are possible in all aspects of plasma

surface interactions including erosion and impurity release, hydrogen retention

and release, and interactions between surface phenomena and external forces and

fields. This includes the effect of reactive ions, surface modification, and

temperature on erosion yields; the influence of radiation damage and He implan-

tation on hydrogen recycling; and the influence of stresses and external fields

on surface phenomena such as blistering and melt-layer stability. In some

cases, synergisms can affect factor-of-ten changes in the related plasma surface

i nteract i on phenomena.

In general, the contribution of synergistic effects to plasma surface

interactions in operating fusion devices has not been explored. This is due in

part to the difficulty in performing the necessary in-situ experiments under

sufficiently well-defined conditions to verify the synergistic effect.

Nevertheless, the conditions for synergistic phenomena clearly exist in the

plasma edge of fusion devices in the form of simultaneous surface exposure to a

variety of particle fluxes and energy distributions, high heat fluxes, and

mechanical and electromagnetic stresses. This exposure can enhance or reduce

surface processes compared to a linear superposition of single effects.

Although synergistic effects apparently do not present serious obstacles to the

operation of today's fusion devices, the potential impact of synergistic

phenomena on macroscopic erosion and tritium retention in future devices merits

attention.

In this paper, the current state of understanding of synergistic effects

in plasma surface interactions is reviewed. Specific examples of synergistic
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effects are given and discussed in terms of the f i r s t wall environment.

Possible synergisms in present fusion devices are discussed, and the potential

importance of synergistic effects in future reactors is assessed.

" . First Wall Environment

The occurence of synergistic effects in plasma surface interactions depends

on the particle fluxes and energies in the plasma edge and on the temperature

and surface composition of the exposed components. Plasma edge parameters as

well as particle fluxes and heat fluxes to walls, l imi ters , and divertor plates

for a variety of existing tokamaks1"4 and for a conceptual FED/INTOR device5 are

summarized in Table I . These data represent the range of plasma edge conditions

typical ly encountered by plasma-side surfaces in fusion devices. In general,

the data correspond to the plateau phase of the discharge including auxi l l iary

heating effects.

I t is interesting to note that certain edge parameters expected in

FED/INTOR are close to those already encountered in existing fusion devices.

For example, hydrogen fluxes to the l imi ter and wall in ISX-B, to the l imiter in

DITE, and to the divertor plate in ASDEX are comparable to the corresponding

FED/INTOR estimates. Heat fluxes in present devices also overlap expected

FED/INTOR values. The important differences in future devices wi l l be longer

pulse lengths (resulting in steady-state heat loads and surface conditions),

higher duty factors (resulting in macroscopic erosion), t r i t ium operation

(including tritium inventory and helium and neutron effects), and higher central

plasma temperatures and energies (which may give higher edge temperatures and

densities). Many of these issues can be addressed in new generation tokamaks

(TFTR, JET, JT-60, T-15, TORE SUPRA, ASDEX-Upgrade) and stellerators (ATF and

W-7AS).
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Surface conditions in fusion devices are controlled by the mix of plasma-

side materials as well as edge fluxes and impurity transport, surface tem-

perature, operational and vacuum history, and pulse length. A well-conditioned

surface typically includes a monolayer coverage of adsorbed oxygen, carbon, or

other l ight impurities. At limiters and divertors, hydrogen fluxes are

suff icient ly high to desorb these impurities and equilibrate with the exposed

surfaces early in the discharge. This is not the case for most of the wall

area which can require several seconds to minutes to reach equilibrium with the

incident f lux. Thus, oxygen and carbon which are the principal surface and

plasma impurities in existing tokamaks w i l l eventually disappear in long-pulse

machines without bulk sources of l ight impurities. This is observed6 in the

steady-state EBT-S device where oxygen and carbon levels in the plasma are ten

times lower than metal densities, unlike the situation for the short-pulse

tokamaks in Table I .

The surface composition of wall samples after long-term exposure to plasma

discharges in several tokamaks7"^ is summarized in Table I I . Accumulation of

metallic deposits at wall locations remote from the l imiter is typically

£10l3/cm2-s.7~li simultaneous erosion and deposition occurs to varying degrees

at al l plasma-side surfaces resulting in an active interchange of material

between different locations on the wall and between the wall and l imiter. In

present machines, metal deposits on the wall are usually in the form of oxides

or carbides due to high residual gas pressures during and between discharges.

Pure metal deposition has been observed in UHV clean tokamaks without leaks and

is expected in high-duty-factor devices without bulk sources of carbon or

oxygen. The surface roughness and area of the wall are l ike ly to increase with

plasma exposure^-14 resulting in changes in related surface phenomena. I t is
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clear from this discussion and from Tables I and I I that the chemical and physi-

cal state of the wall can vary considerably with operating conditions.

3. Synergisms in Particle-Induced Erosion

Synergisms in particle-induced erosion may occur during sputtering with

reactive ions (particularly for graphite surfaces), sputtering of chemically-

altered surfaces (such as carbides and oxides), physical sputtering of graphite

at high temperatures, sputtering and bl istering in the presence of multiple

particle fluxes, and sputtering and bl istering of physically-modified surfaces

(such as damaged or redeposited surfaces). Synergistic effects have been

observed in various candidate plasma-side materials in of these areas, and can

lead to significant increases or decreases in erosion yields when compared to

physical sputtering.

Chemical sputtering. Chemical (or reactive) sputtering15 refers to the for-

mation of volati le molecular species under irradiation with subsequent thermal

release. Although not s t r ic t ly a synergistic effect, chemical sputtering yields

are often much higher than corresponding physical sputtering yields in the same

material. Chemical sputtering under ion bombardment has been observed for hydro-

gen sputtering of carbon,16"20 s i l icon,1 5 and various carbides;21"25 for oxygen

sputtering of carbon;26"27 and for CF3 sputtering of s i l icon.2 8 In fusion

materials, chemical sputtering by energetic ions is significant for hydrogen

bombardment of carbon at 700-1100 K and for oxygen bombardment of carbon below

1 keV. Reactive sputtering of carbides is eventually suppressed to below physi-

cal sputtering yields by depletion of the near surface in carbon,21>24>25 and the

physical sputtering yield of carbon by energetic oxygen ions (>1 keV) is com-

parable to the reactive yield.2 7 For graphite, energetic hydrogen bombardment

near 900 K results in erosion yields due to methane formation which are ten times
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the physical sputtering y ie ld . i 5 Low-energy oxygen sputtering of graphite

results in room temperature yields (presumably due to CO formation) at 100 eV

which are ten times the corresponding yields for Ne or C bombardment.27

Tha sputtering yield of graphite as a function of temperature for several

incident ion species is shown in Fig. 1 . Reactive sputtering is evident from

the methane peak associated with H and D ions. The continued increase in the

sputtering yield above 1100 K is a physical (not chemical) effect and is

described later in this section. An empirical model29 relating methane for-

mation to surface hydrogen concentration can reproduce many of the features of

the methane peak. In this model, methane formation (and release) is thermally-

activated and the near surface hydrogen concentration is limited at low tem-

peratures by ion-induced desorption and at high temperatures by thermal

desorption. The model, however, does not reflect the higher-order dependence on

hydrogen concentration expected for CH4 formation nor the nuclear stopping

dependence indicated by the increased methane yield for D compared to H. A

methane production dependence on surface hydrogen concentration is expected and

suggests that methane yields may decrease at higher hydrogen fluxes. Such a

synergistic effect could be important in controlling chemical sputtering of

graphite in fusion devices. There is conflicting evidence^0-31 as to whether

yields decrease with flux from ion beam experiments conducted in the range of

10l5_10l7 H/cm2-s, but no data at reactor-relevant fluxes of 10 l8-1019 H/cm2-s.

The methane yields follow approximately the deposited energy curve and are

signif icantly reduced for incident hydrogen energies below 100 eV or above

several keV.1^

Effect of Surface Chemical Changes. A surface chemical change (such as oxi-

dation) can affect the physical sputtering yield through changes in the surface

binding energy, surface composition, and col l ision cascade development. Metal

oxide surfaces which frequently form in fusion devices have total sputtering
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yi >lds which can be larger or smaller by factors of 2-3 than the corresponding

yield for the clean metal surface.31a However, the partial sputtering yield for

the metal component is typically smaller for the oxide surface. This has been

observed for oxygen-covered Fe, 3 2 Ti, 3 3 Cr,34 Al, 3 3 and Be 3 5 and is accompanied

by a large reduction in sputtered atoms in the ground state and increases in

sputtered excited, ionic, and molecular particles. Experimental results for a

Cr surface are illustrated ... . .3. _. The metal yield reduction is due to a

combination of increased surface binding energy and reduced me jl density for

the oxide surface. In contrast, W exhibits a reduced surface binding energy for

the oxide and. a corresponding slight increase in the sputtering yield with

oxygen coverage.3& Oxygen fluxes during tokamak discharges are probably too

low in comparison to sputtering and desorption yields for these effects to be

important for surfaces not previously oxidized or oxygen-covered.

Other surface phase changes (such as the formation of carbides) as well as

surface segregation represent additional chemical changes which can influence

sputtering yields. Carbides generally have metal sputtering yields which are

comparable to or less than the corresponding pure metal3^ and segregated low-z

films in dilute alkali metal-bearing alloys have been reported37-38 ^0 reduca

the host metal sputtering yield and increase the sputtered ion fraction.

Dramatic changes in physical sputtering yields due to phase changes or surface

segregation have not been observed in candidate fusion materials.

Temperature effects. Chemical sputtering shows a strong temperature depen-

dence; however, there is no conclusive evidence tnat physical sputtering is

enhanced at elevated temperatures. This includes sputtering experiments with

light ions,39 with heavy ions,40 and through the melting point of low tem-

perature metals.4! Factor-of-two increases above room temperature physical



- 8 -

sputtering yields have been reported for stainless steel42 at 400-500°C and

Sicl6,23 a t 600-1200°C and have been related to near surface compositional

changes at these temperatures. For the particle fluxes considered in Table I ,

evaporation wil l far exceed sputtering near the melting point of typical high

temperature materials.43

In contrast to these results, recent measurements44"^ of the sputtering

yield of graphite have revealed an enhanced erosion above 1100 K which increases

to 10-20 times the room temperature value at 2000 K. This is i l lustrated in

Fig. 1 where a steady increase in the sputtering yield with temperature is

observed above 110Q K for both reactive and inert ions. The. enhanced erosion is

characterized by the near-thermal release of individual C atoms46 and is propor-

tional to the nuclear deposited energy at the surface.4? The overall results

suggest a synergism between surface radiation damage and sublimation

(radiation-enhanced sublimation) and present a serious obstarle to the use of

graphite as a high-temperature plasma-side material. Radiation-enhanced subli-

mation has not been reported in carbides or other fusion materials.

Effect of multiple particle fluxes. The f i r s t wall environment includes

exposure to simultaneous high fluxes of hydrogen isotopes, impurities,

electrons, photons, and neutrons. Sputtering synergisms in this environment are

related to radiation damage, electronic excitations, and impurity deposition.

Physical sputtering yields due to multiple particle bombardment are additive,

and show no synergistic effect except in the case of particle-induced near sur-

face compositional or morphological changes (see the paragraphs on physical and

chemical surface changes). On the other hand, chemical erosion yields in a

reactive environment can be significantly increased by simultaneous electron,

photon, or damaging ion fluxes.
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In fusion materials, synergisms due to multiple particle fluxes have been

observed in the reaction of graphite with atomic hydrogen.^8-50 jhe release of

hydrocarbons from a graphite surface exposed to atomic hydrogen can be increased

two orders of magnitude by simultaneous bombardment with 5 keV Ar at an inten-

sity ratio of H°/Ar+ % 1000.50 As can be seen in Fig. 3, the yield enhancement

exhibits a temperature dependence which is similar to the reactive sputtering of

graphite with hydrogen ions. This can result in C/H° yields which approach

reactive sputtering yields. This is potentially significant for graphite sur-

faces exposed to high fluxes of low-energy hydrogen atoms. Enhanced graphite

erosion has also been reported^ for atomic hydrogen in the presence of electron

or photon irradiation, although the effective chemical erosion yields are much

smaller than for energetic hydrogen ions. Synergisms due to multiple particle

bombardment also exist in blistering phenomena. Repetitive blistering is

unlikely in fusion devices with the possible exception of surfaces exposed to

the high energy component of the unconfined fusion He flux. In this case,

surface recession from simultaneous sputtering reduces further the probability

of blistering.7^ There is some evidence that blister density and flake erosion

increase somewhat for simultaneous high-energy D bombardment.74

Effect of Physical Surface Changes. Simultaneous erosion/deposition of

hydrogen isotopes and impurities can lead to significant changes in the surface

composition and morphology of plasma-side materials. Physical surface modifica-

tion includes implantation and adsorption of hydrogen isotopes and light impuri-

t ies , deposition and cascade mixing of heavy impurities, and the effect of

temperature and radiation damage on diffusion, surface roughness, and

microstructure. Many of these phenomena have been recently reviewed.7^ These

near surface changes can have a synergistic influence on plasma surface interac-

tion phenomena such as sputtering, blistering, arcing, and particle reflection.
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The retention of implanted H isotopes, He, and l ight impurities can exceed

50 atomic percent in some plasma-side materials. The incorporation of large

concentrations of l ight isotopes in heavier materials reduces the nuclear

stopping power and changes the angular distribution of energetic recoils.

Calculations suggest5* factor-of-two decreases in particle reflection and sput-

tering for hydrogen-saturated metal surfaces due to these effects. High fluence

sputtering experiments are normally performed on projectile-saturated surfaces,

so that H and He loading effects are already included in the data base.

Energetic particle bombardment often results in increased surface roughness

and corresponding increases in effective surface area of factors of ten or

more.12-14 j n i S allows increased surface adsorption of hydrogen and impuri-

t ies s and may also shield some of the surface from direct plasma exposure.

Roughened surfaces often show slightly higher sputtering yields than polished

surfaces,52 but with severe roughening yields can decrease by factors of

2-4.^3-54 Surface morphology and erosion yields are strongly influenced by

flaking and blistering. These phenomena, however, are not expected to occur55

for a monotonically decreasing depth distribution of implanted He which is

l ikely for a broad energy and angular distribution of incident particles.

As is evident from Table I I , thick overlayers of redeposited material can

accumulate on plasma-side surfaces. There is considerable evidence56"57 that

sputter-deposited material exhibits similar sputtering behavior as bulk material

of the same composition. This should also apply to plasma-redeposited material.

Recoil implantation, ion mixing, and radiation-enchanced diffusion all play a

role in the redistribution of impurities in the near surface region. These pro-

cesses probably account for the very large (ten monolayers and more) effective
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coverages of Fe, C, and 0 which can accumulate on surfaces which are undergoing

simultaneous erosion of the substrate.58-L9a

/ Impurity deposition also influences chemical erosion. The chemical reac-
i

t i v i t y of a graphite surface during simultaneous Ni deposition and H-atom bom-

bardment at 550 K is shown in Fig. 4 . 6 0 The reactivi ty, ss measured from CH3

production, decreases a factor-of-two for a monolayer Ni coverage and slowly

decreases another factor-of-two at ten monolayers coverage. The persistence of

chemical reactivity despite these high coverages suggests diffusion of C or H

through the Ni layer. Simultaneous Ni deposition during H-atom and energetic

Ar+-ion bombardment results is an even slower decrease in the reactivi ty, con-

sistent with expected ion-induced mixing of the Ni in the near surface of the

graphite. In this case, v30% of the CH3 production could be sustained for an

incident H/Ni ratio of 200.

In contrast to these results, the radiation-enhanced sublimation of graphite

during Ar bombardment at 1800 K is actually increased by a factor-of-three for a

10% near surface concentration of T i . 6 1 This is probably related to an increase

in the nuclear stopping at the surface due to the presence of the heavier Ti

atoms. The C sputtering yield eventually approaches the value expected for TiC

at higher coverages. A 60% increase in the sputtering of Si has been observed

for a Si surface saturated with Xe.^2 surface contamination also increases

arcing yields, although conditioning against arcing appears to occur wiih suc-

cessive exposure to cleaning or plasma discharges.63

Overall, these results suggest that syt^rgistic effects in plasma surface

interactions related to physical surface modification wi l l be moderate. The

deposition of impurities can mask a surface, but ion-mixing and diffusion iend

to reduce the effectiveness of the mask. I t is not l ikely that chemical erosion

processes wi l l be completely suppressed for the relative impurity/hydrogen
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fluxes expected in the plasma edge. Redeposited material should behave like

bulk material of similar composition, the major issue being the adhesion of the

overlayer to the substrate. Despite uncertainties in surface conditions, ero-

sion experiments in fusion devices have led to results which can be understood

in terms of available laboratory sputtering data.58»59>6^"67

4. Synergisms in Hydrogen Retention and Release

Hydrogen retention and release have recently been reviewed for stainless

steel**8 and other candidate materials.5 Although the data base is incomplete,

there is a good understanding of these phenomena in terms of diffusion,

trapping, and surface recombination. For materials at temperatures where hydro-

gen diffusivities are low, implanted hydrogen saturates over the range distribu-

tion at concentrations of 0.1 - 0.5 atom fraction. Above saturation concentra-

tions, the hydrogen is released athermally via channels created by surface

deformation due to the implantation. Synergistic effects in hydrogen retention

and release involve the influence of radiation damage, He co-implantation, and

near surface modification on trapping, diffusion, and surface recombination. In

some cases, these synergisms can change hydrogen retention and release by orders

of magnitude resulting in significant changes in tritium inventory and permeation.

Radiation Damage and He Effects. Radiation damage by neutrons in the bulk

and ions in the near surface can increase trap densities and influence diffusion

processes. For stainless steel below 500 K, bulk neutron damage could result in

trap densities of <i at.% implying tritium inventories of 1-10 kg for a reactor

first wall.**9 Trap densities at this level would effectively eliminate hydrogen

permeation for the lifetime of the wall. Hydrogen trapping at He damage sites

in the near surface can also increase retention by factors of 2-10.70 However,
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for fluences above 1017 He/cm^, hydrogen trapping is reduced coincident with the

development He-induced surface microporisity and bl ister ing. As a result, bulk

radiation damage is the significant synergism issue in hydrogen trapping for

long-pulse devices. There is evidence that radiation damage may also have a

catalytic influence on molecular recombination at the surface.71

Co-implantation of H and He can lead to competition for trapping sites.7^

This is i l lustrated in Fig. 5 for beryllium and nickel. He release during He

implantation of nickel is not affected by simultaneous H implantation at H/He

ratios up to 20. For beryllium, He release is accelerated by co-implantation of

H as implanted H and He apparently compete for the same traps. The consequences

for He pumping at a f i r s t wall surface can be significant.72 Similar behavior

has been observed in molybdenum72* and would be expected in other materials with

low hydrogen and helium soluabilHies.

Surface Modification Effects. Surface modification can significantly alter

hydrogen recombination rates, retention, and permeation*, Sputtered or redepo-

sited surfaces are often characterized by a surface roughness (or area) ten or

more times that of the corresponding polished surface.12-14 j n i S can result in

a substantially-increased effective surface area for molecular recombination.

On the other hand, an oxidized metal surface typically exhibits a surface recom-

bination coefficient which is several orders of magnitude higher than the

corresponding clean metal. Surface recombination measurements for tokamak

walls7** generally fa l l between the extremes for contaminated and clean surfaces,

with variations of about a factor of ten between different tokamaks or at a

given tokamak for conditioned or unconditioned surfaces. For long-pulse opera-

tion» atomically clean surface conditions may be achieved resulting in increases

in surface recombination rates. This wi l l tend to accelerate release and

reduce permeation. Deliberate deposition of carbidic films on stainless steel

tokamak walls has enhanced hydrogen recycling in TEXTOR.75
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Redeposited or heavily-damage surfaces often develop a porosity over the

deposited or implanted layer. Depending on whether or not this porosity is

interconnected, the result can be increased hydrogen retention or increased

hydrogen release. This is further complicated by the opposing influences on

molecular recombination of surface roughness vs. surface contamination. Very

few retention experiments have been performed on deformed or redeposited

surfaces. Plasma sprayed aluminum shows a factor-of-two increase in hydrogen

retention over polished aluminum.7f> Clearly much larger microstructural effects

are possible. For those cases where porosity increases retention, a

corresponding increase in the time to steady-state permeation would be expected.

5. Synergisms with External Forces and Fields

There is l i t t l e data on the influence of external forces and fields on

plasma surface interactions. Mechanical stresses related to atmospheric

pressure and thermal gradients can affect stress-related mechanical properties

and surface phenomena including fatigue, corrosion, and blistering. Electromag-

netic interactions during plasma disruptions influence melt layer stability and

electrical breakdown (arcing) between components.

Recent measurements77 suggest that an externally-applied tensile stress can

increase the critical fluence for blistering by a factor of two or more. These

measurements were performed at stresses typical of the mechanical78 and

thermal7^ loads expected in fusion devices. The existence of lateral stresses

in an implanted layer has been confirmed^ by measurements of the deflection of

a beam due to He ion bombardment from one side.

Disruptive heat loads to plasma side components can lead to the development

of a surface melt layer for times comparable to the disruption time. The stabi-

l i ty of this melt layer under the electromagnetic forces present during the
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disruption is a critical erosion issue. These forces result from the interac-

tion of eddy currents (induced in metallic components by the decay in plasma

current) with the magnetic field. For those locations where the eddy current

forces point into the plasma, the melt layer is subject to removal due to

Rayleigh-Taylor instabilities.81.82 j n s o m e cases, erosion by melt layer

removal could exceed sputtering for nominal disruption frequencies, Segmenting

components to reduce eddy currents is an effective means to enhance melt layer

stability.

Electrical potentials in plasma-side components during plasma disruptions

can reach 2000 V and more.83 This presents a severe arcing problem between

adjacent components particularly at the limiter. Segmenting components greatly

reduces these voltages but also increases component complexity. Segmentation is

also desirable to reduce electromagnetic forces and torques on plasma-side

components.

6. Synergistic Effects in Fusion Devices

There is l i t t l e direct evidence for the existence of synergistic effects in

plasma surface interactions in fusion devices. Although the conditions for

synergistic effects are often satisfied, the observation of such effects can

easily be masked by uncertainties in the knowledge of related plasma edge pheno-

mena. For example, tokamak experiments with graphite limiters84 and surface

probes59a indicate high erosion rates but give no clear evidence of synergistic

effects due to uncertainties in surface temperature and ion fluxes and energies.

In many cases, the discharge duration is too short to reach the steady-state

surface conditions which would facilitate the observation of possible

synergisms. On the other hand, the synergistic influence of surface conditions

on in-vessel molecular recombination rate measurements is apparent from experi-

mental data.
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The possible synergistic effects in plasma surface interactions which have

been identified in this review are summarized in Table I I I . The most important

synergisms in terms of component lifetimes appear to be the chemical and

radiation-enhanced erosion of graphite and the electromagnetic stabil i ty of melt

layers. In both cases, synergistic effects can lead to unacceptable erosion

yields. Synergisms in hydrogen retention and release related to trapping at

neutron damage sites may have serious consequences in tr i t ium inventory. In

general, synergisms related to surface modification wi l l have smaller although

potentially significant effects. Carefully controlled experiments is fusion

devices are required to properly assess the importance of synergistic effects in

plasma surface interactions.

An attempt has been made in Table I I I to extrapolate synergistic effects to

reactor conditions. I t is assumed that high-duty-cycle operation in reactors

wi l l lead to surfaces and plasmas with much lower light impurity levels than pre-

sent devices. I t is interesting to note that in most cases the extrapolated

synergistic enhancements are comparable to or smaller than observed in laboratory

experiments or expected in current machines. Synergisms related to surface con-

tamination wil l probably decrease in future reactors, but this can lead to an

increase in substrate physical sputtering. Overall, the magnitudes of the

important synergistic effects appear to be well bracketed by laboratory experi-

ments and, with the exception of neutron damage effects, are probably no worse

than have already been encountered in present devices. Of course the potential

impact of synergistic effects can be much larger in future devices due to

increased duty cycles and trit ium operation.
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7. Conclusions

In this review, an attempt has been made to describe the important

synergistic effects in plasma surface interactions that can influence plasma and

materials performance in present fusion devices and future reactors. The

understanding of these phenomena is far from complete; however, i t is sufficient

to support several general conclusions:

1) There is sufficient understanding from laboratory experiments to es t i -

mate the range of potential impacts of synergistic effects on plasma surface

interactions.

2) The conditions for synergistic effects are often encountered in

operating fusion devices. Although the results can be clouded by uncertainties

in related phenomena, there have been no materials or plasma physics disasters

in present machines directly attributable to synergistic effects.

3) The high-duty-factor and DT operation of future reactors wil l emphasize

the importance of synergisms in erosion and hydrogen retention. Nevertheless,

there is no indication that synergistic phenomena in reactors should be s ign i f i -

cantly different from those already encountered in present devices and labora-

tory experiments.

Synergistic effects in plasma surface interactions can influence materials

choices, allowable operating temperatures, component l i fet imes, and tr i t ium

performance. While i t is encouraging that the range of possible effects is

understood, continued research in this area is essential in order to quantify

importance of synergistic effects in the fusion environment. In particular,

research is needed on chemical sputtering of graphite and high particle fluxes,

on neutron damage effects in hydrogen trapping, and on melt-layer stabi l i ty

during plasma disruptions. Direct measurements of synergistic effects in fusion

devices are also required to correlate the synergisms data base with actual

operating conditions.
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Table I. Plasma edge parameters, particle fluxes, and heat fluxes
in several tokamaks

ISX-Ba) ASDEXb) PLTC) DITEd) FED/INTORe)

Edge parameters

ng (cm"**)

Te (eV)

Tf (eV)

Partic£e_fluxes9)

ions (limiter)

ions (divertor)

neutrals (wall)

Impurity fluxes

C (limiter)

0 (limiter)

Fe-Ni (limiter)

10*2

20

20

10*8-1019

-

2x10*6

2x10*5

(2-5)xlO*6

(2-5)xlO15

5

100

10*7-10*8

-

2xlO*5

10*5

10*4

(5-10)xl0**

15

150

10*7-10*8

-

.10*4

10*6

10*5

(5-10)xl0*-

5-15

50

2x10*8

-

3x10*4

I 1-5x10*3

10-670(150)f)

45-2700(670)f)

10*8-10*9

\O—OJXJ.U fo

ao*6



Table I . Plasma edge parameters, par t ic le f luxes, and heat fluxes
in several tokamaks (CONTD.)

ISX-Ba)

incident particle
energies") (eV)

ions (limiter)

impurities (lim.)

neutrals (wall)

Nominal heat fluxes
(W/cm2)

limiter

divertor plate

well

50-100

100

30

200-201

-

1-10

ASDEXb) PLTC) DITEd)

50-80

200

50-250 100

FED/INTORe)

75-4000(1000)f)

20-2900(300)f)

70-240

155-200

6-30

a) ref. 1 b) ref. 2 c) ref. 3 d) ref. 4 e) ref. 5 f) nominal value

g) refers to fluxes in the plasma boundary at or near the l imiter radius or divertor plate,

neutral fluxes are for locations away from limiters and gas sources,

h) includes sheath potential



Table II. Analysis of long-term wall surface deposits in several tokamaks

ASDEXa) PLTb) TFR-400c)

Accumulated discharge

timee) (sec) 104

Material accumulatedf) (atoms/cm2)

Fe-Ni 2xlO16

0

C

W, Mo (from limiters)

Metal accumulation (atoms/cm2-s) 2xlO12

10*

4xlO12 2xlO*2

5xlO3

4xlO16

5xlO16

1017

4xlO15

5xlO17

1018

1016

5x10-6

1016

5x10*6

1013

a)ref 7

b)-ef 8

c)ref 9

d)ref 10

e)does not include discharge cleaning

f)for locations remote from the main limiter



Table III. Important Synergisms in Plasma Surface Interactions

Synergism

*Chemical
sputtering

Surface chemical
changes on sputtering

*Radi ati on-enhanced
sublimation

Radiation damage
on surface reactions

Co-deposition on
total sputtering

*Radiation damage
on hydrogen
retention

Surface modification
on recombination

Mechanical stress
on blister initiation

*Melt-layer stability
during disruptions

Surface roughness on
sputtering

Occurrence

H-»C (700-1100K)
0->C (room temperature)

Sputtering oxides
and carbides

Energetic ions-*C
(>1100K)

H° + energetic ions->C
(700-1100K)

H, He implanted
surfaces, redeposited
surfaces

Trapping at neutron
damage sites

Impurity contamination
Surface roughness

He implanted layers
subject to stress

Disruptive heat loads
and electromagnetic
forces

High ion fluences

Non-Synergistic
Process

Physical
sputtering

Sputtering of
clean surfaces

Dhysical
sputtering

Thermal chemical
reactions

Physical
sputtering

Trapping at
intrinsic traps

Recombination at
clean surfaces

Blistering of
free surfaces

Evaporation of
melt layer

Sputtering at
lower fluences

Enhancement due
to Synergism*

vLO
•dO

0.3 - 2

tlO

T-100

0.5 - 2

xlO

<0.01
U O

0.5 - 2

tlO

0.5 - 3

Enhancement in
Reactor2

same or less
less3

same or less

same

same or les

same

same

less3
same

same

same

same

ro
i

*Critical synergistic effects for near-term and proposed devices.
^Typical maximum enhancements of the synergistic effect over the non-synergistic process.
zEstimated enhancement in a reactor in comparison to the maximum enhancement.
3Reflects the lower light impurity levels expected in high-duty-cycle devices.
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Figure Captions

F"??. 1. Temperature dependence of the erosion yield of graphite under energetic
C, He, 0, and H ion bombardment. Note the presence of the methane peak
for incident D and H ions. Self-sputtering of graphite can exceed
unity at high temperatures due to radiation-enhanced sublimation,
(refs. 44 and 47).

Fig, 2. Neutral Ti ground state sputtering and total Ti sputtering for 1 keV
Ar+ ions on a Ti surface with simultaneous thermal 0? bombardment,
(ref. 33).

Fig. 3. Temperature dependence of the reaction probability (molecules/H-atom)
for a graphite surface exposed to thermal atomic hydrogen with and
without simultaneous bombardment by 5 keV Ar+ ions. For the simulta-
neous bombardment measurements, the relative H to Ar flux was 1450.
(ref. 50).

Fig. 4. Reaction probability for methane formation at a graphite surface
exposed to thermal atomic hydrogen as a function of Ni coverage,
(ref. 60).

Fig. 5. Comparison of He release from beryllium and nickel surfaces for He and
simultaneous H/He implantations. In beryllium, He re-emission is acce-
lerated under simultaneous H bombardment since H and He apparently com-
pete for the same traps, (ref. 72).

Fig. 6. Comparison of melt layer and evaporated layer thicknesses in beryllium
as a function of disruption energy density. Repeated loss of the melt
layer during disruptions leads to unacceptable erosion rates. The data
are for a 20 ms disruption time with initial Be surface temperatures of
300 and 900°C. (ref. 82).
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