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Poreword

Plasma-wall interaction in fusion machines is
considered to be one of the most important topics in nuclear
fusion studies. A great deal of experimental and
theoretical studies have been carried out to meet data needs
and explore phenomena that may cause serious effects in the
design of fusion machines. A substantial parts of
experimental studies, however, are designed so that they
reveal a specific feature of particle-surface interaction
under a well-characterized condition. The phenomena that
occur in a fusion machine are by no means so simple;
Varieties of processes are effective concurrently on the
wall, This is the reason why the synergestic effects are to
be investigated.

This Workshop, held at Institute of Plasma Physics,
Nagoya University, is a satellite meeting of the 6th
International Conference on Plasma Surface Interactions in
Controlled Fusion Devices held at Nagoya University. The
idea of ilaving this satellite meeting, which emphasizes the
fundamental surface phenomena related to plasma-surface
interaction, was raised by Professor A. Miyahara. The
organization of the Workshop has started March 1983. The
suggestion of having the word of "synergestic effects" in
the title came from the Oak Ridge group. Since the topic of
the Workshop is new and not well defined, we decided to
invite a few scientists to give review talks and not to call
for contributed papers to allow ample time for discussion.
We asked the chairmen of sessions a great burden: to guide
discussion, to suggest commentators, to give a summary talk
and to write a summary paper.

Thanks to the invited speakers, chairmen and all
participants, the Workshop was kept to be active and
exciting from the beginning to the end. Even without any
scheduled contributed papers, all session chairmen had to



cut a certain amount of discussions which ranged from the
meaning of the word "synergism" to physics of the surface
processes. We thank to all members of the International and
Ofganizing Committees for their helpful suggestions and
cooperation. We also acknowledge the support by the
Research Information Center, Institute of Plasma Physics,
Nagoya University. Financial support was provided by
Ministry of Education, Science and Culture.

The proceedings include the invited papers and summary
reports. The names of scientists who gave comments may be
found in the summary papers. We hope that the proceedings
give an overview of the synergestic effects in surface
phenomena related té the plasma wall interaction.

August 31, 1984

Noriaki Itoh
Kohji Kamada

Co-Chairmen of the Workshop on
the Synergestic Effects in
Surface Phenomena Related to
Plasma-Wall Interaction.
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SYNERGISTIC EFFECTS IN FUSIbN MACHINES = SESSION SUMMARY
*
R. A. Langley, D. Manos,+ and J. Rothz

The opening session consisted of a review talk by Dr.
R.rBehrisch,l) followed by talks given- by Drs. D. Manosz)

and J. Roth3). The complete text of Dx. Behrisch's paper is

4)

printed elsewhere ', and only a short synopsis is given
here. The two presentations by Drs. Manos and Roth were the
only documented observations of possible synergistic effects
in fusion machines in the area of plasma-wall interactions;
synopses of both talks are presented.

The session opened with a discussion of the definition
of synergism. Dr. Behrisch offered a working definition of
synergism as it applies to fusion: "Synergisms refer to
phenomena where the combined effect of indepéndent processes
is significantly different from the individual effects
considered separately." Extensive discussion followed, and
a consensus was reached on the following points:

1. Definitions of synergism derived from other fields

do not necessarily apply here.

2. Many phenomena that in the past have been
considered "synergistic" have been found not to be,
once sufficient understanding has been attained.
There was a contingent thought that once phenomena
are completely understood, therejwill probably be

-

no synergistic effects.

\d

Oak Ridge National Laboratory, Oak Ridge,ﬁTN 37830, U.S.A.
(operated by Martin Marietta Energy Systems, Inc., under
contract DE-AC05-~-840R21400 with the U.S. Department of
Energy) .

Princeton Plasma Physics Laboratory, Princeton, NJ 08544,
U.S.A.

Max Planck Institute of Plasma Physics, D-8046
Garching/Munich, Federal Republic of Germany.



3. We have the opportunity to define the word through

our use of it, and we should be careful in its use.

4, The proposed working definition was sufficient for

. the present.

Dr. Behrisch's talk reviewed areas in which synergistic
effects might be expected to occur and provided an estimated
order for each of the effects. Anticipated causal agents
are:

reactive ions,
temperature,

radiation damage,
multiple particle fluxes,
surface modification and
external stresses.

The areas included are:
particle deposition,
erosion,
segregation and
diffusion.

He concluded that (1) the poor correlation between
measurements in the plasma boundary and in the first wall of
plasma experiments could be greatl§ improved by considering
synergistic effects; (2) surface composition and structure
are essential parameters in synergisms; and (3) synergistic
effects have been observed in recycling, wall erosion, and
melt layer stability.

Evidence for enhanced erosion on a graphite probe cap
during rf heating of the Princeton Large Torus (PLT) was
presented by Dr. Manos. This presentation reviewed material
reported earlier at the 30th National Symposium of the
American Vacuum Society. A detailed account is available in
the literatures).

A probe cap made of graphite was exposed to 460 PLT
discharges that were rf-heated. On removal, a number of
features were evident, including arc tracks, cracking,
discoloration, deposition of metal, and -- most



significantly -- patterned eroéion (see Fig. 1). The final
feature is the emphasis of this report. The erosion appears
as a crescent-shaped beveling of the cap, approximately 1.5
cm2 in area, along the intersection of the forward face
(parallel to the B field) and the cylindrical side wall
(perpendicular to the B field), as shown in Fig. 2.
Furthermore, the site of the bevel is elevated approximately
50° to 60° from the direction of the B field. It was
determined that approximately 60 mg of carbon was eroded
within the crescent-shaped zone.

Thermal calculations, based on the heat flux deposited
in the cap and measured by sensing elements contained behind
small apertures, indicate that the maximum temperature was

> ug/cmz.s (a total over

low enough that no more than 4 x 10~
the 460 exposures of <0.03ug) could have been removed by
evaporation. Spalling is not evident and was not expectedG)
at the low observed power levels.

Sputtering by the thermal plasma, using the known
yields of Roth et al.,7) could at most account for only 1
mg,' approximately a factor of 50 too low. The heat flux
during rf heating is known to be dominated by H+ ions with E=
50~100 eV generated by the auxiliary heating. This flux
could have been responsible for only 1 ug of removal.
These facts suggest that an enhancement of the thermal
plasma erosion rate by fast ion bombardment was responsible
for the large quantity removed. To test this hypothesis,
Manos and his colleagues calculated the orbits of the known
distribution of fast ion velocities (vy, v,, E) measured

)

orbits on the probe cap were mapped and compared to the

independently8 {see Fig. 2). The points of impact of these
observed pattern of erosion. These were in good agreement,
supporting the contention that the erosion is directly
related to the fast ion bombardment, although it could not
have been caused by direct fast ion sputtering because of
the low flux. He emphasized that the location of the damage
is quite far removed from the anticipated maximum particle



or energy loading from the thermal plasma.
It was therefore concluded that fast ion enhancement of
the erosion of graphite by the thermal plasma, which is well

+known in laboratory systemsg'lo)

, is likely to have been
responsible for.these tokamak observations.

Dr. Roth summarized erosion of graphite in the ASDEX
divertor and simultaneous deposition of impurities both with
and wi“hout neutral beam injection (NBI) heatingll).

Erosion yields for graphite exposed to particle beams are
shown in Fig. 3 as a function of temperature. Around 900 K
for energetic hydrogen bombardment or around 500 K fox
thermal atomic hydrogen, a chemical reaction occurs to form
CH4 or CH3, respectively. The yield due to thermal hydrogen
can be enhanced by a factor of 100 due to simultaneous
energetic ion bombardment as demonstrated in Fig. 3 with
coincident Ar bombardment and can reach values on the order
of 5 x 1073, Above 1200 K, the erosion yield for energetic
ions increases significantly, reaching values a factor of up
to 50 higher at 2000 K than at room temperature. This
increase in yield is due to radiation~enhanced sublimation
of graphitelo).

In Fig. 4 the time dependenée of the erosion of
graphite strips in the ASDEX divertor is shown, simultaneous
with the deposition of impurities for a series of identical
deuterium discharges with NBI. The strips were exposed to
the divertor plasma in the position of the separatrix .
perpendicular to the magnetic field lines. The flux of
hydrogen ions with E > 200 eV is on the order of 2.6 x 1018
cm™2.s at the separatrix position, while the flux of
low-energy hydrogen ions resulting from the 10-eV divertor
plasma is about one order of magnitude higher. The erosion
and deposition were determined from the shift of a

previously implanted 13

C marker in the graphite strips.
Before and during NBI there is drastic erosion of
carbon; in other phases of the discharge, deposition

dominates. The erosion during NBI reaches values of > 2 x



7 Cc atoms/cmz‘s. If energetic ions were responsible, the

10t
required sputtering should be on the order of 0.1. This is
in agreement with the erosion data for most temperatures
above 500 X. The surface temperature of the strips, which
have low thermal capacity, may exceed 1200 K. If the
erosion were due to low-energy hydrogen ions, possibly
enhanced by the simultaneously impinging ion flux, then a
yield on the order of 10"2 wculd be required. This yield
can only be reached in a very narrow temperature interval at
800 X. Thus, it seems probable that the erosion is due to
the energetic hydrogen ion flux that results from
radiation-enhanced sublimation at temperatures above 1200 K.

It must be noted that the ion fluxes at the divertor
plates are a factor of 10 lower due to the grazing angle of
incidence of the magnetic field lines; the plates do not
reach temperatures greater than 400 K. The erosion observed
at the carbon probe is therefore not representative for the
divertor plates.

The discussion on synergism demonstrated that the
definition is still somewhat nebulous. The two experimental
results presented in the session can be considered to
demonstrate synergistic effects until a more specific
definition is forthcoming and until a more complete
understanding of the physical processes is reached.
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PLASMA SURFACE INTERACTION PROCESSES AND POSSIBLE SYNERGISMS
Rainer Behrisch ,
Max Planck Institut fiur Plasmaphysik
EURATOM-Association »
D-8046 Garching/Minchen,
Federal Republic of Germany
and
J. B. Roberto
Solid State Division
Oak Ridge National Laboratory*
Oak Ridge, TN 37831 USA

The processes determining the plasma surface interaction in today's high
temperature plasma experiments are investigated following several lines. First,
in plasma devices, the particle and energy fluxes to the different first wall
areas and the fluxes from the walls back into the plasma are measured and the
boundary plasma parameters are determined. The surface composition and struc-
ture of the walls, limiters and divertor plates are analysed following exposure
to many discharges. Secondly, the different surface processes which are
expected to contribute to the plasma surface interaction (particularly to hydro-
gen particle balance and impurity introduction) are studied in simulation
experirents using well defined particle beams.

The results of these different approaches can be combined to give a quali-
tative picture of plasma wall interaction processes in relatively few areas. In
most cases, a consistent description of the plasma wall interaction and its
influence on the plasma has not yet been achieved. A two dimensional theory
which is necessary for describing the boundary plasma is in an early stage of

development. There is .only a limited effort toward a quantitative description

of re~ycling and of the total particle balance. It is not clear whether there

*Operated by Martin Marietta Energy Systems, Inc. under contract
DE-AC05-840R21400 with the U.S. Department of Energy.
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will be najor‘sources for impurities other than sputtering. The criteria for
the selection of wall materials are not yet estab1ished. For example, carbon
appears to work best in plasma experiments, but shows relatively high erosion in
ioq bombardment simulation studies.

A major concern in using surface data measured from well defined jon beam
experiments to explain wall phenomena in fusion devices is related to the
quality of the simulation. In plasma experiments, the walls are bombarded by a
large variety of particles having a broad distribution in energy and in angle of
incidence. The effects of these different bombarding species do not always add
linearly.

Problems of nonlinear additivity of different actions have been discussed
for ages in theology, philosophy, and medicine. They are given the name .
synergism from the greek word syn - ergos which means cooper‘gtion.1 This word
has also been adopted in fusion research to describe wall phenomena where the
combjned effect of independent processes <is significantly different from the
individual effects considered separately.??3

Synergistic effects are expected to influence surface processes in several
areas,3 however, their contribution to surface effects in plasma experiments
has not yet been explored in any detail. Generally all effects connected with
the thermal motion of the atoms of a solid such as diffusion in the bulk or at
the surface, evaporation and sublimation, and chemical reactions may be
increased or decreased due to simultaneous bombardment with energetic particles.
During bombardment at high temperature, free interstitials and vacancies are
produced generally incéeasing‘the diffusion. Implanted gas atoms (H, D, T, He)
and impurities (0, C metals) change the surface layer composition. There are

further synergisms due to bombardment with ijons of different energies and/or

—-12—
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different atoms, and due to the simultaneous additional application of stresses
and magnetic fields.

Synergisms have been identified in a variety of plasma surface interaction
phenomena including  hydrogen particle balance, impurity release, and mechani-
cal and electromagnetic stresses. In particle balance, synergistic effects
occur during simultaneous hydrogen bombardment and bombardment with other damage
produéing jons such as He or impurity ions. Here additional trapping centers
are created which influence trapping, saturation concentrations, diffusion and
surface recombination.

In impurity release, chemical 6r reactive sputtering has been found due to
the formation of volatile hydrocarbons during implantation of carbon with hydro-
gen atoms at high temperatures. Similar effects are found for oxygen bombard-
ment of carbon or some metals where the oxide sublimates at temperatures lower
than the bulk material. Large chemical erosion has also been observed due to
simultaneous exposure of a graphite surface to atomic hydrogen and a damaéing
jon flux. In addition, graphite shows an enhanced subiimation at temperatures
>1000°C if it is simultaneously bombarded by energetic particles. On the other
hand, chemical erosion of carbon with hydrogen atoms is considerably reduced by
simultaneous deposition of metal atoms.

Finally mechanical stresses influence the surface topography and surface
cracking due to jon bombardment. Melted surface layers can be destabilized by

magnetic fields. Synergistic processes in plasma surface interactions have been

reviewed in Ref. 3 and will be discussed in more detail in the contributions to

;5 this workshop.
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Synergisms in Hydrogen Recycling - Session Summary

S.Imoto

Department of Nuclear Engineering, Osaka University
Suita 565, Japan

Under the session title "Synergisms on Hydrogen Recycling", we
had two review talks and five comments,

In the first review talk, Doyle and Brice proposed an
analytical formalism for evalvating the steady state plasma-
driven hydrogen transport. The formalism included hydrogen
trapping, recombhination barriers to release at inner and outer
surfaces, diffusion and the effect of thermal gradient. The
starting equations used in this recycle model was essentially the
same as that used in the DIFFUSE code, but the exponent of the
concentration appearing in the recombination term was generalized
to be a variant, r, instead of 2 in the earlier formalism. With
some approximations, they deduced analytical simple equations
which express the permeation flux,inventory and recyle time, and
the results of calculation were found to agree quite well with
the results of DIFFUSE code.

They classified the steady state hydrogen transport into
nine regimes. The transport parameter, W, defines the mode of
rate-determination inte three regimes: diffusion controlled both
sides, recombination controlled plasma side diffusion controlled

back side, and recombination controlled both sides.. The

—15—



trapping behavior is mainly controlled by the trap activation
energy, and three regimes, that is, no trapping, trapping, and
saturation are defineds Thus, by a combination of transport
parameter and trapping behavior, nine regimes are obtained. Ffor
some of the regimes, the characteristic behavior was also
mentioned: for example, the DD-saturation regime is well
described by the Local Mixing Model.

The next application of the formalism is the calculation of
tritium inventory and permeation for the machine~of.INTOR class,
and the 16 metais including 304 stainless steels, Inconel and
carbon were surveyed for permeation flux, tritium inventory and
recycle time. The application to the nonisothermal permeation was
also made by taking the effect of thermal gradient in bulk into
account. They showed that, if the heat of transport, Q*¥, has a
negative value, such as seen in iron, the Soret effect helps in
reducing tritium permeation through a wall., Thfs finding was
again raised in the last comment by Sugisaki.

Iﬁ Fig.1 which was prepared by Doyle are beautifully
displayed the synergistic effects of radiation enhanced
diffusion, radiation damage, wall heating and surface changes on
plasma-driven-permeation. Permeation flux (J), concentration of
mobile hydrogen (C), concentration of trapped hydrogen (C1)s
recycle time (T) and the time requied to reach steady state (Tg)
are given in very simple equations and the trend of increase or
deerease i~ these parameters by a synergistic cause is shown by
the arrow upward and downward, respecitvely. The estimation of

whether the effect is favorite to machine operation or not is

—16 -



also indicated in the figure.

I think the analytical formalism will largely contribute to
the future progress in hydrogen recycling, because it not only
provides physical insight into the recycling processes as shown
in Fig.1, but also gives easier means to incorporate the plasma-
surface interaction into a total hydrogzn recycling model which
treats both wall and plasma,

The second review talk was made by Waelbroeck:s The talk
started with the definition of synergism by Roberto and Behrish:
"Synergisms refer to phenomena where the combined effect of
different processes is significantly different from the
individual effects taken separately”.

I would 1ike to trace the logic by Waelbroeck. First he
compares the simplified recycle model with laboratory or machine
experiments; if the model describes well the recycle behavior of
wall materials, the synergisms play a minor role, and the

"normal® The normal behavior is seen in the

behavior is called
case where the surfaces have carefully been conditioned and when
the energy of the impinging hydrogen is low. But when there is a
deviation from the normal behavior, it is attributed to the
synergism. He proposes that, in cases where synergisms operate,
the recycle equations should be completed by including new
additional terms, not basically modified. -

Then he throws a question: what will be the possible
synergisms in tokamaks? There are many causes for the

synergisms: adsorbed hydrogens, photons, electrons, energetic

ions, neutrons, impurity fluxes, power flux to the wall and so

— 17 -



on. On these sources of synergistic effects Waelbroeck has made
a comprehensive review, where each of sources was considered to
much or less have a synergistic effect upon the hydrogen
recycling. The synergistic effect is sometimes very complex; for
example, the recombination coefficient k., may be increased or
decreased according to the kind of contaminant. Energetic ions
have synergistic effects in several ways: by formation of H-
induced traps, by hydruvgen-induced desorption, by enhancement of
diffusivity, by surface change that increases ke As seen in
Figure 1 by Doyle, these processes totally induce an intricate
effect on the recycling behavior of a wall material. Isotopic
composition of plasma is also expected to be a cause of
synergistic effect, and this problem was raised to an important
dissussion point by Behrish,

The conclusion of Waelbroeck is that synergisms probably
exist in hydrogen recycling on the metal walls ﬁnd they will
modify the recycle factor and affect the density evolution of
confined p]asmas.'and he put an emphasis on "the need of careful
measurements of synergisms on well characterized, dirty surfaces
of which conditioning should simulate that of tokamak walls",
Thus his talk is very much suggestive in what an experiment we
should perform and how we sheuld develop a recycle model in order
to realize the synergisms in hydrogen Fecyc]ing.

In the first comment Yamawaki and Namba have proposed a new
analytical model for hydrogen permeation which takes effects of
surface oxide into account. Principal difference from previous

models is that they have introduced explicit expressions for the



migration of atoms from the first layer to the second layer, the
surface coverage of contaminant and the roughness factor into
their model. They showed that the steady-state permeation was
not affectedy by roughness factor and coverage at the front
surface but by those at the back surface. On the otherhand, the
transient response was controlled by the factors at the front
surface. From the experimental results on transient response
of vanadium metal, they showed that the gas driven hydrogen
permeation through vanadium was dominantly rate-determined by
surface adsorption-desorption process. This model appears to be
particularly useful to treat the case where a rather thick film
or coating covers the substitute, and the permeation data with a
V/V02 couple obtained by their own study has been analyzed by
this model.

In their model, and also in that by Doyle, the synergistic
effects are not explicity introduced in a manner suggested by
Waelbroeck, but can be treated by .aking some parameters as
variable. For example, in Yamawaki's model the “"effective
adsorbability", 6°(1-68), is trated as an important parameter to
describe the surface character which should be modified by
sputter cleaning. If the trap density which was assumed constant
and uniform through the bulk during the plasma driven permeation
is taken to be a variable, as suggested in Fig.l, the recycle
equation would give solutions to more relevantly explaisu some
synergistic effect due to radiation damage. These models are
considered to possess such a flexibility as to adapt most of

synergisms.
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Tanabe, the second commentator, considers that the diffusion
constant of hydrogen in bulk and that at near-surface should be
treated as independent variables in the plasma-driven permeation.
Previously he proposed an enhanced-diffusion model for the
explantaion of permeation spike appearing in the plasma-driven
permeation, and in the present comment he concentrates his talk
on experimental facts, in which the hydrogen diffusivity is
changed by neutron irradiation, cold work and ion implantation.
Some defects introduced by these treatments would decrease the
diffusivity by‘acting as traps, but the tangied loops may
overwhelmingly enhance the diffusivity, and Tanabe emphasizes the
possibility of enhanced diffusion at near surface from his
observations of microstructure of hydrogen implanted specimens,

The comment by Haasz is concerned with syqergistic effects
on near-surface hydrogen retention. He measured the trapping
fluence of hydrogen or deuterium on pyrolytic graph%te as well as
single crystal graphite, each having different roughness. For
the single crystal graphite the impurity coverage was also
changed. The retention was found to be largely affected by the
roughness and impurity coverage.

His most recent result on hydrogen retention at mixed
particle immersing of carbon presented that there is no
significant difference in hydrogen retention between the case of
H* alone and the case of mixed particles of H* and neutral atoms.
This makes a marked contrast to the methane formation: there is
a very strong synergism in the methane formation when neutral

atoms and ions together bombard the carbon. The detailed
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comparison will be a key to solve the synergism,

Vernickel has made a comment on the influence of plasma-
induced heating on hydrogen re-emission from graphite target.
He evaluated the excess-reemission to be the order of 10~2 or
less in the case of ASDEX upgrade. In this evaluation the
fundamental data on hydrogen trapping in grgbhite obtained by
Brice, Doyle, Wampler and others were most effectively utilized
to solve a machine engineering problem. This is an excellent
example for the application of fundamental data to engineering,
and such a work should be encouraged to be continued. Based on
his own data Vernickel also discussed the problem whether hot
hydrogens push the trapped atoms into depth, induce thermal
desorption or are reflected.

The last comment in the Monday afternoon was made by
Sugisaki. He measured the thermomigration of tritium and in some
cases other hydrogen isotopes in Nb, Ta, and Ti metals. He has
found that hydrogen is driven down the thermal gradient in these
metals and he determined the heat of transport from the
experimental data. The conclusion is the same as deduced from
the calculation by Doyle, but Sugisaki calls a special attention,
to the isotopic effect on thermomigration. In the case of Nb,
the heat of transport for tritium is about twice that for protium
above 500°C, and as a result the tritium permeation is much
enhanced: the permeation with thermal gradient is about twice
that without thermal gradient. Thus the thermomigration seems to
have a large synergistic effect on hydrogen permeation, but the

mathematical treatment of thermomigration in the frame of
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diffusion equation is quite clear as realized from the complete
agreement between the theory by Doyle and the experiment by
Sugisaki. The prnblem still Yeft to be solved is to elucidate
the nature of the heat of transport for hydrogen isotopes in
metals and alloys. From this point of view, the thermal gradient
would be no more a synergism. The behavior of thermomigration is
“"normal" in the sense of Waelbroeck, because it is well
descreibed by the model.

As a conclusion I would Tike to cite an opinion presented at
the summary discussion by Baskes, which, I wish, would keep
stimulating the discussion, "What is a synergism in hydrogen
recycling?", untiil the next workshop at the 7th Int. Conf, PSI.
"If two supposedly independent processes produce the same effect,
the simultaneous action of these processes should produce an
effect equal to the sum of the individual proces;es acting alone.
If the effect is not such a linear superposition, ﬁt is called a
synergistic effect. In reality the synergistic effect occurs
because the processes are not independent. Once we understand
the dependence of the processes the synergism goes away, hence
there are really no synergistic effects, only a lack of

understanding of the underlying physics".

~
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STEADY STATE HYDROGEN TRANSPORT IN SOLIDS¥*

B. L. Doyle and D. K. Brice
Sandia National Laboratories, Albuquerque, NM 87185

The analytical formalism for evaluating the steady state
hydrogen (tritium) inventory, recycle and permeation rate and
recycle time for surfaces exposed to the plasma of an operating
magnetic confinement fusion reactor is reviewed and new material
relevant to the applicztion of this theory is presented. The
formalism includes hydrogen trapping, diffusion, and effects of
thermal gradients (e.g., Ludwig-Soret effect), and is applicable
for all orders of release kinetics at the inner and outer surfaces.
The problem is formulated in terms of a unitless transport parameter,
W= (RQ”D)(k1/¢)l/r where r is the order of the release kinetics, R
is the range of the implant, @ is the penetrating part of the
incident flux, k, is the recombination coefficient and D is the
diffusion coefficient. The steady state analytical theory is

applied to several materials of interest to controlled fusion.

*This work performed at Sandia National Laboratories supported by
the U.S. Department of Energy under contract #DE-AC04-76DP00789.
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I. INTRODUCTION

Hydrogen isotope concerns in magnetic confinement fusion devices
are becoming increasingly important as the era of D-T plasma device
approaches. For the current generation of such fusion reactors
(e.g., TFTR and JET) mcst of the H-(i.e., tritium) related
worries are centered around low to moderate level inventories
which build up in all in-vessel components, and H permeation is not
expected to be significant. 1In the next, and certainly in the
following, generation of reactors very high levels of tritium
could be present either in a trapped or mobile form in walls and
other internal parts. Thus tritium permeation through even thick
wall materials may present problems.

Recycling of H at the walls of reactors has been and will con-

tinue to be a controlling factor in areas such as the time dependence ;

of plasma density and the maintenance of a proper fuel balance. This
latter aspect is critical in a two-component tokamak such as TFTR
because the isotope exchange process which occurs during the H
recycling step can upset the purity‘of the initially pure tritium
discharge. For an ignition device, isotope exchange may cause
problems at first, but not after equilibrium is reached.

Other new H-related concerns stimulated by the advent of D-T
reactors result from fusion neutrons. These concerns include
effects of n-damage on H transport and buildup in addition to

synergisms which could exist between the n-flux (or neutron effects

on materials and other H-related concerns such as permeation.
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Computer simulations of the plasma wall interaction have been

.

i extremely valuable in assessing many of the key problem areas

listed above. These codes include DIFFUSEl‘z, PERI3, TCODE4,

and PIDAT.5 Codes such as these are the only way that exact time

dependent solutions can be determined for the case of plasma-driven

injection into a non-isothermal material which contains H traps.
For certain cases, however, much progress has been made in

the derivation of analytical theories which can describe in general

6-13 and, under special

the H transport in materials at steady state
conditions, various quantities such as recycle flux as a function
of time.l4"1® fhese analycical approaches, althocugh approximations,
have a few clear advantages over the rigorous numerical theories.
First, they are easy and quick to use and can therefore provide

guidance in selecting parameters for the exact calculations.

Secondly, and perhaps most importantly, the analytical nature of

these theories allows an analysis of the functional dependences
and ihterrelationships which exist between the various plasma and
material parameters. This second benefit leads to new physical
insight into the complex piasma-surface interaction.

In this paper we review our analytic steady state hydrogen
transport theory and its applications.11“13 This transport
formalism is here generalized to be applicable for any order of
kinetics of the release reaction. The earlier three-part series
of papers was applicable only for the case of second order release.
In addition, expressions are developed which describe the plasma-

side sub-surface concentration as a function of time and can be
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used to calculate the time dependence of in-vessel pressure varia-
tions.

Before proceeding with theé theory it is useful to examine how
H transport in the wall fits into the general picture of the plasma
surface interaction (PSI). 1In Fig. 1 a flow diagram is shown
which illustrates the PSI aspect of a comprehensive plasma transport
code by Howel?. This code models kinetic reflection, thermal
diffusion anrd beam-indﬁced detrapping at the wall surfaces. A
step~-by-step description of this model follows where the step
numbers (given below in [_]) correspond to those shown in Fig. 1.

In Howe's modél, hot H ions [1] diffusing across magnetic
field lines eventually strike a limiter [2] and are all neutralized
and reinjected into the plasma with approximately 5 eV energy.
Upon reentering the plasma some of the H atoms are ionized [3]
while others undergo Franck-Condon (FC) collisions or charge exchange
(cx) [4] with hot H ions in the plasma, giving rise to fluxes of
both héot (for CX 100's of eVs) and cool (for FC 10's of eVs) H -
atoms [5] which strike the wall. It should be noted at this point
that thié flux will be highly assymetric (both poloidally and
toroidally) with the maximum being near the limiters. Some of the
incident H atoms are reflected [6] from the surface back into the
plasma while the remainder penetrate [7] into the material of the
wall. Of those H atoms which enter the first wall, some may become
trapped at their end of range [8)] in damage either resident
in the material or produced by the particle irradiation. This

trapping process may also result in the detrapping [9] of H isotopes
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% already present in the wall. This detrapped H, along with any H

g which was not trapped, diffuses agd [10] eventually permeates

? either to the back surface [11], or the front surface [12], or

é becomes trapped in the bulk [13]. Upon reaching either surface

; the H can recombine with another H atom and be released as an Hy

: molecule to re-enter the plasma [14] or the environment exterior

é to the first wall [15].

Figure 1 can be used gqualitatively to provide insight on how

é material variables related to H affect important tokamak parameters.
i Consider H recycling for the case where the wall traps, or otherwise
é retards, only .1% of the CX or FC neutral flux. In typical large

? tokamaks the confinement time is around 100 ms, whereas the pulses

; endure approximately a second. As a result, each H atom in the

i plasma strikes the wall on the order of 10 times during each discharge.
% The probability that a H gets trapped in the wall during the dis-
charge is 1-.9910=10%, whereas for a .2% trapping coefficient

this figure becomes 18%. This example illustrates how sensitive

the "wall confinement" is on H trapping or holdup. Howel” has

17,18 is the result

shown that neutral beam-induced density clamping

of a small decrease in the wall recycle coefficient caused by the

increased edge plasma energy during neutral beam injection.
Another effect illustrated in Fig. 1 is isotope exchange. 1If

implantation trapping [8] is appreciable, and the tokamak has been

operated for a long period of time with just one H isotope, say

; protium, then the near-surface of the wall saturates with H. Upon

é changing the working gas to deuterium (D), during the first stages

i of the D discharge the detrapping [9] which occurs in the wall
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will be for H, which; as can be seen from the figure, can.diffuse
[10] to the surface and enter [14] the plasma. Thus the wall
initially recycles H, not D, thereby upsetting the isotopic purity
of the plasma.

The three primary H-material concerns in the PSI are also
graphically displayed in Fig. 1, namely: 1) plasma wall recycle
effects on the plasma itself; 2) H buildup in the wall leading to
potential embrittlemen£ and/or high H isotope inventories, and 3)
the possibility that H isotopes can permeate the wall and enter
the region outside the wall which, for future machines, will
probably be a cooling system. Because of its importance, the PSI
has been the subject of several recent reviews19 to which the

reader is referred for further details.
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11. THEORY

Ir. what follows we have expanded the transport parameter
formalism given in Ref. 11 to apply for all orders of the surface
recombination process. The extended formalism still includes a
general definition for the transport parameter, W, the "effective"
ratio of implant depth to wall thickness, ¢, and the "effective"
ratio of inner and outer surface recombination coefficients, Y.
The general formalism also includes the effects of thermal gradients
in the first wall material. Specifically thermomigration (Ludwig-
Soret effect)20 as well as the temperature dependence of the
diffusivities and recombination coefficients are considered. This
new formalism also allows for H trapping and the diffusion of H in
the presence of traps.

The general equations governing the evolution of the system

in time, t, and depth, x, are

oC,.{x,t)
aC(x, t) _ _ _ad(x,t) Glx.t) - T
at = dx + Glx, ¢} ot (1a)
and
—T = 49r D $C(N -C ) - pNC_ © . (1b)
Lt T T T s T

Figure 2 shows a schematic of the wall membrane and associated
H-related quantities. 1In Eg. (la) C is the atomic density of
freely diffusing hydrogen, J is the local diffusive flux of this
component of the hydrogen, G(x,t) is the local rate of hydrogen
implantation from the plasma, and Cp is the atomic density of
trapped hydrogen. 1In Eq. (ib) Rp is the hydrogen trap radius, Ny
is the trap density, Ng is the density of hydrogen solution

sites, and D is the hydrogen diffusivity. The trap strength, Ep
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is assumed constant in Egq. {(1lb) and the temperature, T, will in
general be a function of both x and t. -Note that Egp, as used
here, is the energy difference between trap and solution sites.
The Boltzman constant is given by kg. The parameter‘/xis a constant
of order 1 which is required in order that local thermodynamic
equilibrium between trapped and mobile hydrogen be reached ih the
steady state condition.. Additional dependence on the temperature,
beyond that explicitly indicated in Eg. (1b), is contained in the -
quantities D and J. The diffusivity, D, is given by an Arrhenius
function

p = p, e Ep/kgT , (2)
where Dy is a constant, and Ep is the activation energy for hydrogen

diffusion.

Similarly,

J = -p {__a_c_ co’ 3'1'}

ox * ¥gT2 Tox (3)

where the second term on the right is due to the Ludwig-Soret -
effect (diffusion driven by a thermal gradient),20 with o* being
the heat of transport associated with the effect. Expgrimental
measurement of Q* indicates that this quantity has a weak linear
dependence on temperature, but this dependence will not be considered
here.

A. Steady State Solutions

1. General
The steady state solutions to the above set of equations,
i.e., solutions at large t when all the functions and parameters

have become independent of t, are found by solving
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aJ _ .
ax = G.(X) ’ (4a)

and
C(NT - CT) = uNgCrpe =0 o (4b) (5b)
The solution of Eq. (4a) yields the steady state concentration of
freely diffusing hydrogen, C(x), and the (algebraic) solution of
Eq. (4b) yields the steady state trapped hydrogen concentration,
Cp, as a function of C. 1In order to solve Eq. (4a) we take x = 0
at the first wall-plasma interface, and assume that the first wall

has a thickness of x The boundary conditions for the solution

oo

are

Jy = =k; CF . (5a)
and

Jy = ky CF (5b)
where Jq and J, are the diffusive hydrogen fluxes through the
inner first wall surface and outer first wall surface, respectively.
Likewise, k,y is the hydrogen recombination coefficient at the
inner first wall surface, €y is the freely diffusing hydrogen
concentration just below the inner first wall surface, while k,
and C, are similarly defined for the outer first wall surface.
The power r is the kinetic order of the release reaction (i.e.,
r = 2 is for the quadratic kinetics usually assumed for H).

The implantation source function, G(x) is given by

G(x) = ¢pP(x) , (6)

where P(x) is the normalized hydrogen implantation profile and ¢

is the penetrating hydrogen flux from the plasma. We note that if

¢' is the incident hydrogen flux on the inner first wall surface,
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then ¢ = ¢' (1 - R), where R, is the reflection coefficient for
hydrogen incident from the plasma.
Finally, conservation of hydrogen within the first wall requires

ik

that

A first integration of Eq (4a) now yields
X
- = G(x')dax’ v
or, using Eq. (3), and rearranging terms
X
d J ' ‘
99.+C(x)9___1_.92=-..i-.1.f“""d" . (9)
ax " %g T2 ax D D 0

A formal integration of Eg. (9) is easily carried out by
defining the function g(x) as
* X *®
g(x) = (@ /xp)f dx & o (Q/kg) (1/Ty = 1/T()) . (10)
O T X

where T, is the temperature at the inner first wall surface, resulting

in the following expression for C(x)

X X X

' (x*)
Tl B I Rl [ ctmat . an
¢lx) = S Sl 1 ¢3S ] €30 I

Once the mobile H concentration, C(x), is determined from
Eq. (11), the trapped H concentration profile can be calculated
through Eq. (4b).

2. Approximaticns

One of the most important results in Ref. 11 was that the
recycling, permeation, and both trapped and mobile total inventories
may be evaluated usiﬁg an H implantation source term which is a
delta function positicned at the first moment of the actual

distribution (i.e., at the range R)
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G(x) =¢J(X—R) . (12)
After inserting this exéressién into Eq. (9) and performing the
éintegral. we find for x < R
.‘ c(x) = Cy + k1" x/Dg (13)

%where D, = C{x = 0) = D(T;). Due to the smallness of R, the dif-

o
ijpart of the integral. For x > R we find

f

C(X) = e—g(x) Cl + leTR/Dl - kzcgfeg(x.)GX'/D(X') » (14)
R
i

1These equations are obviously valid only when R<<x  or for the

fspecial case where g(x') and D(x') are constants.

. To apply these equations to a specific case, one needs to know
}(as functions of temperature) all the material-dependent parameters
;fwhich enter the various expressions. In addition, one needs to
?know the temperatur; profile T(x), which depends not only

;on the thermal properties of the wall material but also on the
%manner in which energy is deposited into the wall and the manner in
;which the wall is cooled. 1In general, T(x) will be a complex
;function of the operating cﬁaracteristics and design of a particular
ggmachine. Often, however, sclutions of some limited accuracy are
%quite useful if these less acc.irate solutions mimic the exact

solutions in their dependence on the various parameter involved,

Cur procedure for obtaining the approximate expressions will be
fito replace exponential functions of the inverse temperature by

“Yexponentials of linear functions of x. Thus, for example we write
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]

2

=

s deliopinii i

-
B

B st

A i

e TR

B o« Fp ,x (15)
kpT{x) kgTy XD
and we choose Xp such that
ED = ED + -;’59- I
kpT? kgTy Xp (16)
which yields
X = X Eﬁ TaT2 = x k7o (17)
D © Ep (T, - To) o Ep
where
To = Tlfrz/('rl - Ty) - (18)
Similarly,
E
EB . % .x (19)
kBT(X) kgTy Xg
where,
x =x B (20)
B o Ep
and
g(x) = x/xg (21)
with
kT
B 0O
X, = =X .
8 ° o (22)

Note that for T,»T; we have IxDP9IxBI+|xSLam, i.e., the x-
dependence disappears from the quantities listed above. We also
point out that Egs. (15), (16), and (21) all imply a particular
temperature profile. In Ref. 11 it was shown that for values of
T2/T1 > 0.5 this profile is closely approximated by a straight line,
which would be the case for steady state heat loading at the plasma

side surface only.
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We also define § by
fhese characteristic lengths and the approximations of Egs. (15) -
(22) then yield a diffusion coefficient
D(x) = Dye”*/%p (24)
and a trapping ccefficient
-En /KT -x/x
B/ MB B
B(x)= e = Bye ' (25)
where B, = e'EB/kBTl
The recombination coefficients k; and k, are a'so temperature
dependent and according to Baskes' theory22 are given by
1/2 -E, /KT,
k/™B i
ki(Ti) = kO(SOO/Ti) e (26)
where kg is a materials dependent constant, and Ex is an activation
energy for recombination which depends on the heat of solution for
hydrogen in the wall material and on the activation energy for
diffusion. E; may be either positive or negative. The ki do
not depend on the temperature profile; rather they depend only on

T the temperatures at the respective surfaces.

il
Utilizing Egs. (21), (23) and (24), the jintegral in Egq. (14)

can be easily evaluated to yield for x > R

-x/x r (27)
= S - i) X/6 - ’
C(x) e CR k2C2 TH (e 1)

where Cp is the concentration at x = R given by Eq. (13), and
the approximation eR'€S = 1 has been used.

Let us now define dimensionless variables v and u by
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Vr = k2C2/¢ ’ (283)
and
r
ut = k.6, (28b)

and note that v¥ is the fraction of hydrogen that permeates
through the wall while u® is the fraction of hydrogen recycled to

the plasma. Furthermore, if we define the additional dimensionless

parameters
1l/r
W = (¢R/Dl)(klﬁt) (29a)
no B ) 5P } (29p)
X5 xo76 L
e -—
and s
x_ /x 1l/r
Yy = e O s (kl/kz) , (29C)

Here W is the transport parameter. Egs. (7) and (27) (evaluated

at x = xo) can be combined utilizing the dimensionless gquantities

above to yield

W,r+yvs=(1- vr)l/r + W . (30)
5
A general analytical solution to v is not possible but a

very good approximation is
r o 1 +W (31)

= r
W+ «(y + 1)

v

which is exact for r = 1. Exacl solutions for vF as a function of
the transport parameter W are given in Figs. 3 and 4 for r = 1 and
3. The values for vF¥ for r = 2 lie between those for r = 1 and 3.
The approximation given in Eq. 31 (which also corresponds to the curves
labeled r =

1 in Figs. 3 and 4) agree very well with the exact solution

to Eq. 30, and it can be shown that this approximation is valid for

.1<Yr<a-1.
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Values for C;, Cy and C, can now be obtained by using the result

in Eq. (31) with Egs. (7), (13) (evaluated at x = R) and (28). These

concentrations are plotted for r = 2 as a function of W for
o= 10'6 and Y= 1 in Fig. 5. Sketches of the H profiles at
steady state are also included as inserts in this figure.
Three distinct types of H distributions result, depending
on the value of W.23 For w > 1 > o (1l +v%) (Region I), the
profile is highly peaked at x = R and the two surface concentrations
can be assumed to be negligible. This behavior is characteristic of
diffusion-limited H transport for both surfaces; hence the profile
is labeled DD in the inset. For g (l +YT) < W < 1 (Region II),
Cr=Cy and C2:r0 indicating H recombination-determined behavior
at the plasma-side surface and diffusion-limited behavior on the
back side (RD). For W <o (1 +yT) (Region III) the H profile
becomes uniform, which is characteristic of recombination limited
kinetics at both surfaces (RR). The parameter W can therefore be
used to describe the transition from diffusion limited (W > 1) to
one-surface recombination limited( (1 +YF) < W < 1) to two-surface
recombination limited (W < ©¢ (1 + YY) H transport in materials.
jWe note that for the unlikely casea (1 +yY) > 1 the region
boundaries must be redefined.
3. Application Equations
a. No Traps
It is ‘ear that the potential for deleterious H-related material
effects are at a maximum when the system is in steady state because
the H concentrations are highest. Even though a considerable

amount of time may be required to reach steady state, it is perhaps

-39 —



instructive to calculate "worst case" values for these H~-material
concerns.

Using the equations developed thus far, it is easy to rewrite
the H concentration profile given in Eq. (27) in terms of dimension-

less quantities

clx)=cC % ) 1 % /s -1
X)) = e - Ty
R W+ a1 +v ) (exo/s—_ (32)
where .
) 1/r l/r
Cr = (}?) (1 - vY) (1 + W) (33)

The quantity in braces in Eq. (32) equals 1 unless the H transport
is recombination limited at both surfaces, in which case it equals
O. For the latter case (i.e., transport Region III) the H profile
is linear for isothermal conditions or decreases exponentially
with temperature gradients because of the Soret term. For the
former case (i.e., diffusion-controlled
transport at the back surface) several profiles are displayed in
Fig. 6 for various values of xD/x° and xS/xo. When these quantities
are both large (i.e., small temperature gradients) the profile drops
linearly from CR to nearly 0. When xD/xo becomes small, the profile
approaches a constant and illustrates that the change in the dif-
fusion coefficient with depth dominates the H profile. When
the term xs/xo becomes small, the profile decays exponentially with
the Soret term, thereby demonstrating the importance of the Soret
effect on the H profile.

A gquantity commonly cited to specify the suitability of a
material with respect to potential H (i.e., tritium) buildup is the

average H concentration which can be expressed as -
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- 1l xo/xs
C = CR -;; Xg é.-'e ) -
(34)
x /x -x_/x
xD(eOD—l)-xs(l-eos)}
- e
e O/ -1

It is straightforward to show that, when there is no temperature
gradient (i.e., Xg and xD-ﬂn),the term in braces in Eq. (34) goes
to 1/2. When an appreciable negative temperature gradient

exists and when xp, < Xg (the case most often found), then the
term in braces approaches 1. In other words, the presence of a
temperature gradient in the wall will, at the very most, only
double the amount of H in the wall. (This result is true only
for the case that xg > 0 which will be shown in the discussion
section to be the situation for most materials used for first
wall applications.)

The rate at which H isotopes permeate a wall material is also
very important in the design of future fusion reactors because
this permeation will lead to tritium contamination of regions
exterior to the vacuum vessel. The steady state H permeation

rate is expressed by

(35)

1+ W .
Jg =¢vF = ¢°‘(w + o (Y% + l))

The permeation is therefore directly proportional to the parameter
¢ defined in Eq. (29b). For isothermal conditions (i.e.

xo/6== 0) the term in braces .in Eg. (29b) goes to 1 and a becomes

simply the ratio of the implant depth to the wzll thickness. For

negative temperature gradients, the term in braces can become
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extremely small and thereby significantly reduce the amount of
permeation which occurs. We therefore assign the name “permeation
reduction factor" to the quantity in braceslin Eq. (29b) and note
that an identical reduction of the permeation would occur for
isothermal conditions by simply increasing the thickness of the
wall by the inverse of this factor.

The results expressed in Eqs. (34) and (35) therefore demon-
strate the main benefit of a negative temperature gradient in the
wall; an order of magnitude reduction of the permeation at the
expense of increasing the average H concentration by at most a
factor of 2.

b. With Traps
Equation (4b) can be solved for the trapped H concentration

in terms of the mobile H concentration to give

(x) = = -
Cr () + UNg e Ep/kgTy _-%/%g (36)

where the exponential form of the trapping coefficient in Eq. (25)
has been used. 1In general, the average trapped H concentration
must be solved by integrating Eg. (36) numerically over the range

0 < x < x . In Ref. 12 we showed that under certain approximations
this integration could be done analytically. The main conclusion
of those results, which will not be repeated here, was that the
trapped fraction depends primarily on T, (the temperature on the
"cool” side) and is only weakly dependent on T, and hence T,

(the temperature on the "hot" side). For a wall at constant

temperature, the average trapped H concentration is
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-E /le
uNge Zn Q ‘ (37)

Cn = No, 1 - -
T T <. - ¢, J
where /
~E_/kT
CR+uNse B 1
Q= — -E_/kT (38)

C2+uNSeB 1
When the traps are populated dilutely, it is easily shown that

EB/kBT

E& = Np (E]NS) e (39)

Using this relationship, the temperature T at which the average

trap
concentration of trapped H equals the average concentration of
mobile H is

T Eg/[kgen(Ng/Np)] (40)

trap

Another useful temperature to define is T the temperature

at’
at which the mobile H ccncentration just equals the atomic density
of the material.

T ED/[szn(DONS/R )] (41)

sat
Most materials will become saturated with implanted H at low temper-
atures at concentrations whigh range from 0.1 to 5 times NS.45,47
Therefore T, ,, represents the approximate temperature where
saturation effects begin to be important.

The two temperatures above caa be used to specify when the
effects related to trapping and saturation must be considered.
For T < Tgat the saturation effect is important; for

Tgat ¢ T < 'I‘trap trapping must be considered, while for T > 'I‘trap

jneither trapping nor saturation need be included in calculating H

inventories so that only the mobile H concentration is important.
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The permeation through a wall membrane depends only on the
mobile H (as indicated by Eq. (5b)); however, trapping can
affect the diffusion coefficient D before steady state is reached.
Using the McNabbFoster?? formula for an "effective" diffusion
coefficient
Degg = __ Do . (42)

1+ NTeEB/kT

UNS

The time required to reach steady state is

2

teg = xo/(eneff) . (43)

Because Deff can be decreased by several orders of magnitude
according to Eq. (42) the presence of traps can significantly
increase the "time-to-breakthrough" of the H permeation.

Traps can also influence permeation by modifying D through

radiation-enhanced diffusion.25’29

.In this case, however,
the diffusion coefficient is increased; hence this effect could
hasten break-through as well as affecting W and its associated

parameters.

B. Temporal Solutions

For diffusion-limited H transport (i.e., W > 1) Erents and
McCrackenl4 have shown that
J, = ¢ Erfc [R/(2+/DE)] . (44)
This equation can be shown to result from a solution of Eq. (1)
with no traps for the delta function implant distribution given
in Eq. (12). The boundary condition for the solution is c, =0.

By defining a normalized time

— 44 —



¢ = Dt/R? | : (45)
and rewriting in terms’of our other normalized parameters,
Eq. (44) can be expressed as
uT(¢y) = BErfc [1/24,1/2] (46)
here u’ represents the H fraction recycled to the plasma.
his recycling fraction is plotted (dashed line) versus ¢, in the

ower panel of Fig. 7.
For W < 1, or recombination-controlled release, the result

btained in Ref. 10 can be generalized for any order of release

iinetics to yield

l1-nu (e')
u(@y) = & / - ag (a7)

°© ¥22 -9,
/here
0, = w2Dt/R? (48)
7ith W, the transport parameter, given bty Eq. (33a). This result is

15 5 plot of uf

similar to that obtained by Hotston and McCracken.
i.e., J1/¢) vs 0, for r = 1, 2 and 3 is also plotted in the lower
vanel of Fig. 7. These solutions to Eq. (47) were found numerically.

It can be seen from the lower panel of Fig. 7 that for all
»f the cases above including both diffusion and recombination control-
led H release, the recycle fraction J1/¢ is approximately 0.5 when
eitherC& or O, equals 1. Thus, the recycle time (the time when
‘he fractional recycling is 0.5) can be approximated by the
iXpression

T = (R%/D)(1 + 1/w?) (49)

hich is identical to the result found for quadratic kinetics in’

lef. 10.
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Atter a discharge is terminated (i.e., ¢ = 0) the normalized
plasma side surface concentration u can be expressed as

° oo | (50)

if the discharge was of sufficient duration so that the concentration

of H in the wall is nearly constant near the plasma side. This
condition requires that the situation be recombination controlled
during the discharge; we therefore drop the suffix 2 on©. Jlﬁp
(i.e., u*) is plotted for this case in the upper panel of Fig. 7.

The quantity commonly measured in a H recycling experiment is
the pressure change in the vacuum vessel.30-33 gsych an experiment
can be performed during and after a glow discharge or immediately
following a tokamak discharge. Using the result of Howe and Langley33
for the pressure change during a constant flux discharge for the
case of an unpumped vessel:

P(t) = P - N, (t)KgT,/(2V) (51a)

where Po is the initial pressure, A is the surface area and V is
the volume of the vessel and Nw is the areal density of H in the wall.
Using the derivation above, the fractional pressure change can be
expressed as

p/p, = ZA%gT) YI(0) (51b)
Y

where AP is the pressure change, and I(0) is the integral

I1(0) = jf (1 - uF(e')laoe’ (52)

where Eq. (47) is used to determine u.

Equation (51) also- describes the fractional pressure change

which occurs at the termination of a discharge. In this case the
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T

change 4is positive and the integral I is given by

0
1(0) = f uF(e')ag" (53)
o

el

and u(0) comes from Eg. (50).

gz

For either case, when t << 1 the integral I can be shown to be

S

s G
ARG

I =20 (t << %) (54)

AR

and when t »>> T

SHPR R oL

I = (40/m)1/2 (£ >> 1) (55)

23

To demonstrate these limits, the power of 0 determined as

#d(log 1)/(log ©) was determined as a function of ¢ for r = 1, 2

iand 3 by numerically integrating both Egs. (52) and (53) using

ﬁnumerical solutions of the appropriate u's. The results of these

calculatlons are plotted in Fig. 8. It can be seen from this

S O T e

flgure that the power of O starts at 1 for g << 1 and goes to

jl/z for @ »> 1 as indicated above. The region in between exhibits
Za dependence on r, the order of the release reaction:; however,this
dependence is weak, which indicates that the shape of pressure change
%curves are not very sensitive to the kinetic order of the recombina-
ﬁtion process.

§ The equations above can be fit to experiments to yield, 1) for

t << T, the flux ¢ when the fractional pressure change is linear in

tlme, and 2) for t »> 1, the quant1ty~vﬁl¢/k)l/r for W<l and




n(@) = 1l + .S(O/a)b (56)
1+ (0/a)®
for both the during discharge and after discharge cases with the

resulting parameters: a = 1.3, b = .84 for during; a = 1.0, b = .42
for after. This parameterization can be used to fit pressure
change data for the case of quadratic kinetics.

ITI1. DISCUSSION

A. r#2

The theory developed above is applicable for any kinetic order,
r, of the hydrogen recombination or surface release reaction; how-
ever it is anticipated that most of its usage will be for r = 2
(quadratic) kinetics. Pressure change measurements are by far the
most common method of determining k:; however, this technique is
relatively insensitive to r unless the flux dependence is studied
systematically. Waelbroeck et al7 have made such measurements
for SS 1.4301 and their results indicate r = 2. Recent experiments
by Myérs and W’ampler34 have cleafly shown that the H release
from 304 stainless steel also obeys second order Kinetics.
Never- the-less it is possible that r #2 for some materials
under special plasma exposure conditions. The formalism can still
be used for these cases.

B. r =2

In this section we address the application of the transport theor

for quadratic release kinetics to a wide variety of materials either

in use or proposed for use in first walls of fusion reactions. For

r = 2 the transport parameter W, becomes

]

W= R(¢kl)l/2/Dl . | (57)
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¥This transport parameter is quite similar to the permeation number

8, fhe only difference is that we

defined by Waelbroek, et al.
use the characteristic length R, the range of the implant, whereas
they use x,, the total wall thickness. With appropriate redefini-
tions, their permeation number could be used in lieu of our transport
parameter.
l. Data

To use the above formulas for the H interaction with the wall,
materials parameters such as the H diffusion and recombination
coefficients, Soret energy, trap concentration and binding energy,
and bulk atomic density must be known. Table 1 lists the material
parameters used in the calculations which follow. The reader is
referred to the articles cited in the reference column for
measurements of the various parameters. In addition, the parameters
¢ and R were assumed to be 1016/cmzs and 1076 cm, respectively.
; The ko values, when not measured, were calculated from Baskes'

theory22

assuming a sticking coefficient of 1. 1In cases for which
a range of Q* values existed, the maximum was selected. Values
for NT/NS are only estimatés for most of the metals, and the Eg
values, when available, were averaged.

Using the values given in Table 1, the diffusion and recocmbination

coefficients and transport parameter W are plotted in Figs. 9, 10,

and 11 respectively for all of the materials listed in Table 1. The
:three types of ¥ transport delineated by W are indicated on the right
:side of Fig. 11. It is interesting to note that for T > 300 C almost
‘all of the materials are in the middle region where the H trangport
rate is determined by recombination at the plasma side surface.

Two curves are plotted for stainless steel. §5S; uses the

recombination coefficient measured by Myers and Wampler34 while SS,
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e R R

uses the same except with ko decreased by a factor of 1000 to simulate

a reduced sticking factor?2, It is well-known that the measured

o

W

values of k, for SS are widely scattered presumably because of

variations in surface conditionslgc.

%
%
i
2
i
E
i

and T in Table 1 come from the

The temperatures T trap

sat
definitions in Egs. (40) and (41). Values entered as * are above

the melting temperature of the materials or so high that no practical
upper limit to the maximum temperature for trapping can be defined.
For these cases trapping must always be considered. By considering
these temperatures together with the transport parameters plotted

in Fig. 11, a H transport problem can completely specified in

b T s s R R A

terms of which processes, diffusion or surface release, rate limits
the mobile H motion and whether trapping effects must be considered
to accurately predict the H buildup.

2. 1Isothermal Calculations

In Figure 12 the normalized steady-state permeation flux

(J2/¢) and inventory of H (C/Ns) together with the recycle time 1

iy 5

g
R

are plotted for isothermal conditions without traps. The right

hand scales are for a 1 cm thick wall of area 10° cmz, comparable

to that for an INTOR class machine.

NS ey

As an example of how these curves can be used, examine SSl.
For reference, we assume the maximum acceptable tritium inventory

is 1 kg and the permeation is 1 g/day. Using these rather arbitrary

ke s

limits, the H (i.e., tritium) inventory and permeation are tolerable !

for T > 100 C and T < 500 C, respectively, which represents a fairly
reasonable "safe" operating range. On the other hand for Ss, (which

represents oxidized steel) these calculations indicate that no
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temperature exists where the steady-state iaventory and permeation
are simultaneously tolerable. Of éourse, as Baskes?® has pointed
out, it would take nearly a decade for the permeation and inventory
to approach these limits.

The normalized permeation flux J2/¢ ranges from o to 1/2 when
y = 1. It can be seen from Fig. 2 that the lower limit is reached
for a large number of materials at low temperatures (T < 100 C).

In contrast, the higher limit is approached by .he hydride formers

7zr, V, and Ta.

It iz interesting to note from Fig. 12 that both the average H
%oncentrations and recycle times have minima over this temperature
jrange for some of the materials (e.g., Mo, Al, B, W, Cu, Ni, and
fssl) at the temperature where W = -ED/2Ek. For these materials,
the release of H is retarded at low T by diffusion and at high T by
the recombination process.

3. Nonisothermal Calculations
Unfortunately, the calculations for nonisothermal conditions
swith H trapping cannot be presented nearly as compactly as can
those presented in the preQious section. Feor space reasons we
therefore examine only 304 SS, Fe, INCONEL and Al in this section.

The calculations for these materials under conditions identical to

{those above except with the outer wall (side 2) held at T, = 100 C
ind allowing the inner wall temperature to vary are plotted in

ig. 13. The calculations assume a linear temperature profile. The
:50lid and dashed curves correspond to sticking coefficients of 1
and 0.001 respectively. Cpop denotes the total H inventory, both

mobile and trapped; however, the trapped inventory dominates for
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for all of these materials. The permeating H flux is denoted by
J, and 8TOT represents the approximate rate of H buildup in

the wall.?? fThe number of days to "break-through" can be estimated
by dividing STOT by CTOT'

The results plotted in Fig. 13 demonstrate the benefits, at
least for these materials, of the temperature gradient mentioned
above. The existence of a temperature gradient tends to significantly
decreases permeation at high inner wall temperatures while resulting
in only a modest increase in the inventory. The net result is an
extension of the "safe" operating range of the inner wall temperature,
T,. For example, while the "oxidizel" S5, case mentioned in
the isothermal section had no "safe" T; range, Fig. 13 indicates
that for Ty, = 100 C and T, ? 400 C the inventory is < 1 kg and
the permeation is < lg/day. This fact indicates that, on the
basis of T permeation control, temperature gradients may be highly
desireablé in walls and other internal components of future fusion
reactors.

In order to better conceptualize the effects of nonisothermal
conditions on permeation, it is useful to examine the permeation
reduction factor (the term in braces in Eg. (2%b)). A contour
plot of the permeation reduction factor vs. Q*/kB’I‘o (i.e., -xo/xs)
and Ep/kgTy (i.e., Xo/%p) is given in Fig. 14. A curve for the
metals is shown in this figure where Q¥ is given in Table 1. For
Al, Q* was set = O. All curves in such a diagram begin in the
origin indicating the case Ty =Ty and are straight lines when
Ty is increased. Although these curves are valid for all combina-

tions of T, and T, (where Ty » Tz) the special cases T, = 100 C
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and Ty -= 200 C, 300 C, etc., are indicated by the solid dots in

the figure, as indicated for Al. The final dot in each row, which
only occurs for V on this plot, corresponds to To = T2 (Ti+wh

It can be surmised from Fig. 4 that: 1) for Fe the Soret effect
drastically reduces permeation, 2) for SS, Ni and INCONEL the Soret
effect results in a very small reduction in permeation, while 3)
for the reactive metals, the Soret effect increases permeation.

IV. SUMMARY

A simple theory of H transport in fusion first wall materials
was developed. The theory is based upon a delta function profile,
centered about the implanted H range with arbitrary order release
kinetics at both surfaces. The model includes the effects of
trapping and thermal gradients. The problem is formulated in
terms of a unitless parameter, W = (R¢/D)(kl/¢)l/r where r is the
order of the release kinetics, R is the range of the implant, ¢ is
the penetrating part of the incident flux, k; is the recombination
coefficient and D is the diffusion coefficient.

Equations pertinent to important H-materials concerns, such
as recycle times, tritium inventories and permeation fluxes, were
derived and applied to several materials representative of those
proposed for use in fusion reactors. Some conclusions which can
be drawn from these calculations are: 1) for Q*/Egz > 0 (Ta, Zr,
Ti, V), where Q* is the thermomigration energy and Ep is the
diffusion activation energy, the Soret effect tends to cancel the
benefits of a temperature gradient on reducing permeation; 2) for
Q*/Ey ~0 (Ss, Ni, Inconel) the Soret effect is negligible; and

3) for Q*/Eg < O (Fe) the Soret effect dramatically helps in
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reducing T permeation through a wall. Another important conclusion
is that the H trapping under nonisothermal conditions depends
strongly on the coolant-side temperature but is only weakly
dependent on the plasma-side temperature.

We have also derived equations which describe the build-up
to quasi-steady state. Through these equations the pressure
change experienced in the vacuum vessel during and after discharges
is calculated and a simple approximation is derived which can be
used to fi.t pressure change data and thereby deterinine the recycle
constant.

The transport parameter concept results in a natural classi-
fication of the transport behavior of hydrogen in all materials at
temperatures for which the solutionized hydrogen is mobile. The
analytical results provide physical insight into the process
governing hydrogen permeation and inventory and are especially
useful to understand the inter-relationchips which exist between
the various plasma and materials parameters. This last benefit
should be particularly helpful in conceptualizing the impact of

synergisms on the plasma surface interaction.
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Fig. 3‘

LOG (J2/9)

LOG W

Log-log plot of vP, for r=l and 3, versus the transport
parameter for several values of & and for Yy = 1. Each of
these curves represents exact solutions to Eg. 30 and the

dashed curve is for r=l.
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Fig. 5. Three normalized H concentrations as a functicn of W for r =1
Cy (solid curve) is the plasma-side surface concentration,
C, (dashed curve) is the back-side surface concentration while
Cr (dot-dashed curve) is the H concentration at depth R.
The inserts show sketches of the steady-state H profiles for

the three regions of W (I, II, and III).
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1{Eq. 52)=4"
i | | | |
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log §

g.8. n, (in the equation AP/P a OM) vs. © for r =1, 2, and 3 and

for both during and after a constant flux plasma exposure.
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Synergisms in Surface Erosion - Session Summary

J. Bohdansky, J. Roth
Max-Planck-Institut fiir Plasmaphysik, EURATOM Association
D-8046 Garching/Miinchen, Federal Republic of Germany

Abstract : ’

Chemical erosion of graphite under hydrogen ion bombardment and the
souttering of Mo and W by oxygen ions was discussed in the session on
"synergisms on surface erosion”. The invited contributions are reviewed and
the current understanding of the different effects are summarized. The
relevance of these effects to the impurity production in fusion devices is
discussed. '
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INTRODUCTION

The session was devoted to synergisms in ion bombardment-induced erosion
with the main emphasis on graphite material. An invited summary on chemical
sputtering by Auciello /1/ was followed by invited contributions by Vietzke
/2/ on the simultaneous interaction of atomic hydrogen and energetic ions
and by Roth / 3/ on the state of knowledge on radiation-enhanced
sublimation of graphite. Subsequently, an invited contribution by Saidoh

/ 4/ treated chemical effects in erosion of Mo and W due to bombardment by
oxygen. These presentations were discussed at length. The papers and the
discussions are reviewed below and an attempt is made to formulate current
models on the chemical erosion mechanisms which evolved from new results
presented both at the PSI conference and at the Workshop. The relevance of
the results to fusion is also discussed.

A) CHEMICAL SPUTTERING

Chemical sputtering of graphite, 1.e. the formation of volatile
hydrocarbons in the interaction of graphite with hydrogen isotopes, has
been reviewed recently /5/. At the 6th PSI conference and the subsequen.
workshop on synergistic effects, new experimental results were presented
which lead to a better understanding of the basic processes. This summary
is based primarily on results by Auciello et al. /1,6,7/ on the interaction
of thermal atomic hydrogen with graphite, by Vietzke et al. /2,3/ on the
simul taneous interaction of thermal atomic.hydrogen and energetic ions and
by Vietzke et al. s2,8/ and Aucielle /7/ on the action of energetic ions
only as well as on data from ref. /5/.

1. THERMAL ATOMIC HYDROGEN

This section will be mainly concerned with the action of atomic hydrogen,
because measurable erosion of graphite by thermal molecular hydrogen is
seldom reported, This section will be mainly concerned with the action of
atomic hydrogen. However, depending on the origin source of atomic
hydrogen, e.g. extraction from a plasma discharge /9/ dissociation at a hot
filament /1,6,7,10/0r emission from a hot oven / 2,8,11/, the graphite
surface {s also subject to some molecular hydrogen flux.

The data are presented mostly as reaction yields vs. temperature or
reaction yields vs. atom fluence at a given temperature. The reported
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erosion yields show large scatter in absolute magnitude, which is
attributed /5/ to the different methods of hydrogen production, to the
diffjculties involved in determining the absolute flux «i hydrogen atoms at
the surface and to differences in the surface conditions of different
graphites. More recent data by Auciello /1/, acquired under clean UHV
conditions shows better agreement,

The yield data vs. temperature clearly fall into two groups: one group of
data with a maximum yield value near 500 K and another group with a maximum
around 800 K. It has been argued, that a shift in the position of the
maximum may be explained by different hydrogen atom fluxes and hydrogen
surface saturation effects /5/. However, in the data shown, the two groups
of data correspond to two different fluences of hydrogen (see ref. /1/).

In the initial phase of hydrogen exposure the yield shows a maximum which
decreases subsequently to a steady state value. Both the maximum and the
steady state depend on the temperature. The initial peak {activated
surface) increases up to a temperature of 800 K, whereas the steady state
data show a maximum at 500 K (deactivated surface).Gould /10/reported that
after reaching the steady state value the surface can be re-activated by
annealing above 1200 K. Though the precise nature of the activated surface
state is unknown, the observation that at 120G K all absorbed hydrogen is
re-emitted has lead Gould to the conclusion that at large hydrogen coverage
precursor states of the methane formation process may give rise to stable
surface species, CHn which if occurring in adjacent surface sites, could
block further reaction with hydrogen.

On the basis of residual gas analysis it was previously concluded that CH4
molecules are desorbed. It was shown by Vietzke et al. /8/ that
predominantly CH3 radicals are released. For the measurement it was
required that the released molecules were detected before they could
undergo any further reaction at an inner surface of the vacuum vessel.
Although the CH3 mo]ecuies must be assumed to be bound to the graphite
surface by an energy of several eV, Vietzke et al. /8/ argue that the
recombination energy in the transisition from CH2 to CH3 may be high enough
to desorb the CH3 radicals. Earlier investigations by .Balooch and Qlander
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/11/ using a modulated H® beam were explained by assuming the formation of
methane to be proportional to the 3rd power of the surtface concentration of
hydrogen. This finding does not exclude the formation of CHy instead of
CH,.

II. SYNERGISM BETWEEN THERMAL ATOMS AND ENERGETIC IONS

At the workshop, Vietzke /8/ presented further results on the synergistic
effects hetween thermal hydrogen atoms and energetic ions. Also here, he
reportegzége release of the yield was found to increase with deposited
energy into the surface layer. This increase was found for H, He, Ne and Ar
fons. For Ar ions a factor of 50 increase in CH, yield was observed from
that for H® alone (fig. 1). The yield from thes; activated state showed the
same temperature dependence as the yield from the activated surface state
for thermal hydrogen atoms alone (ct. ref. /1/).

The activation was retained immediately after the simultaneous Art
irradiation was stopped, but decreased with further HO exposure. However,
in contrast to the activated surface for thermal hydrogen atoms alone,
degassing of the surface above 1200 K resulted in annealing of the active
surface state. It is therefore concluded /8/, that Ar® ion bombardment
facilitates the formation of precursors for the CH3 formation. Vietzke et.
al. /8/ propose that CH2 complexes are formed during simultaneous ion
bombardment and that the surface coverage may be of the order of 2
monolayers, independent of temperature.

Alternatively, the similar temperature dependence of the activated state in
Auciello's data f¢/ and the state of activation created during ion
bombardment can be explained by the assumption that ion bombardment causes
the site-blocking complexes to be removed thereby leading to a drastic
increase of yield, Addition of thermal hydrogen after stopping the ion
bombardment would lead to renewed formation of site-blocking complexes and
consequently to a decrease of the erosion yield. Degassing of hydrogen
above 1200 K would cause all precursors to anneal.
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I1T. ENERGETIC HYDROGEN ICONS

The yield of volatile hydrocarbons under energetic hydrogen bombardment is
also shown in fig. 1. It is more than an order of magnitude higher than the
synergistic action of thermal hydrogen atoms and Ar ions., The fact that the
yield shows the same temperature dependenéé as that from activated surface
sites would suggest a similar kinetics. But, Vietzke et al. /8/ found that
CH4 molecules are release here. They explain this observation by the
assumption that the hydrocarbon is formed on inner surfaces of the graphite
as explained below.

IV. SYNERGISM BETWEEN HYDROGEN IONS AND ATOMIC AND MOLECULAR HYDROGEN
Using different hydrogen isotopes Vietzke et al. /8/ showed that the
synergistic action of atomic hydrogen and hydrogen ions leads to a drastic
increase in reaction yield similar to the case of atomic hydrogen and argon
jons. For atomic hydrogen and 5 keV p* ions a much larger CH3 yield is
reported than for atomic hydrogen alone. Auciello et al./7/ deduced a
similar yield increase from a comparison of the yields with energetic
hydrogen ions alone and with simultaneous atomic hydrogen.

Surprisingly the observed mass spectra showed 1ittle {isotopically mixed
molecules., Fig. 2a shows the mass spectrum obtained by simultaneous
interaction of a flux of 2 x 10*® W%cn®s  and 4 x 10** p*/cm® s with
pyrolytic graphite. It is compared with the spectrum expected from a
surface with equal concentrations of H and D (Fig. 2b). From such a surface
the emission of CH3 and CH4 is much less protable than the emission of
mixed molecules CHan. If, however, CH3 and CDQ are formed on different
surfaces, a spectrum as shown in fig. 2c¢ results. The peaks at mass 16 and
18 are due to recombination of CH3 and dissociation of CD4 in the
quadrupole. This spectrum is very similar to the experimental one with the
exception of a small mixded peak at mass 17.

concerning the influence of molecular hydrogen, which inevitably is present
in most experiments with atomic hydrogen, there were first reports by
Auciello et al. /7/ , that simultaneous frradiation of graphite with

hydrogen ions and exposure to molecular hydrogen leads to a considerable
yield enhancement.
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From these new experimental data the following picture emerges (Fig.3).
Thermal atomic hydrogen reacts with graphite atoms at the surface to form
CH3 by sequential addition of hydrogen atoms to surface atoms /11/
Eventually CHj is released /8/. For high surface concentraticns of hydrogen
stable surface complexes are expected to be found by adjacent precursor
radicals (1ike CH2); thus decreasing the CHy yleld to a steady state value
/6,10/

Energetic hydrogen ion bombardment and synergistic action of atomic
hydrogen and energetic jons is thought to accelerate the formation of the
precursor either due to the deposited energy or by the elimination of the
site-blocking effect, when the surface may be covered by one to two
monolayers of CH, complexes /2/. The rate 1imiting step is then the
addition of the third hydrogen atom in the formation of CH3. This formation
should be linearly dependent on the surface concentration of hydrogen, in
agreement with the successful empirical model by Erents et al. /12/,
Energetic hydrogen or deuterium ifcons penetrate the surface and agglomerate
at the end of range until a critical lattice concentration is reached.
Hydrogen is then released through pores or microchannels and CH3 or CD3 is
produced at the inner surface of these pores. On its way to the surface 003
combines with H or D in wall collision and eventuaily CD4 or CD3H is
observed as reaction products.

B) RADIATION-ENHANDED SUBLIMATION

At temperatures above 1200 K a further increase of the 2rosion yield of
graphite was observed /13,14 /. This effect has been termed radiation-
enhanced sublimation, Thermal carbon atoms /14,15 / are released
isotropically /13/. The yield was found to increase with increasing
temperature (see fig. 3) and to be proportional o the energy deposited
into the surface layer at a given temperature /16/. These data were
reviewed on the Workshop on Synergistic Effects and a detailed model was
presented by Roth and Mdller /3,17 -/.

I. ATOMIC MODEL AND COMPUTER SIMULATION
The model employed is taken from the radiation damage theory in graphite
which was developed to explain the anisotropic dimensional swelling of
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graphite under neutron irradiation /18/. The swelling is parallel and the
contraction is perpendicular to the c¢-axis and shows roughly the same
temperature dependence as the radiation enhanced sublimation yield /17/.
The model assume§fFrenke1-pa1rs are created in the material by the
radiation and thQQa%he interstitials are very mobile between graphite
planes already at room temperature, whereas vacancies become mobile only
above 1200 K. Interstitials recombine with vacancies, diffuse to grain
boundaries, or cluster into additional lattice planes at fixed nuclei.
Vacancies may also cluster to form vacancy 1ines which collapse leaving no
recombination centers for interstitials. The observed dimensional changes
can be explained /18/ by assuming threshold diplacement energy of 25-30 for
the creation of a Frenkel-pair, 3.5 eV activation energy for vacancy
diffusion and 1018 to 1017 fixed nuclei/cm:For the case of ion bombardment,
this model was slightly modified :

The surface represents a sink for both interstitials and vacancies. As a
boundary condition the surface concentration of interstitials and vacancies
has been set to zero. All interstitials arriving at the surface are assumed
to evaporate. Thus the enhanced sublimation yield is given by the gradient
of the interstitial concentration profile at the surface. The mode!
calculations are compared with experimental data, in Fig. 4 as a function
of temperature for bombardment with different ions and in Fig. § as a
function of energy for bombardment with hydrogen and deuterium at 1800 K.
The data used for the calculation are taken from literature and are given
in table 1. The agreement between experiment and model calculation is good
and lies within a factor of 2.
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Table 1

Incident ion flux 1016/cm25ec
damage profile TRIM code
displacement energy 25 ey
interstitial migration energy 0.3 eV
vacancy migration energy 3.5 eV
pre-exponeriial factor of

interstitial and vacancy migration 7.1 x 1074

vacancy-interstitial and
vacancy-vacancy recombination
radius 0.21 nm

C. CHEMICAL EFFECTS IN SPUTTERING DUE TO OXYGEN

Saidhoh discussed sputtering experiments of oxide layers on metals (Mo,
W)/ 4/. The oxide layer was formed either by the implanted oxygen ions or
by partial pressure of oxygen in the target chamber. The effects of the
oxygen partial pressure on Mo targts was investigated. Both the target
temperature and the oxygen pressure were changed in this experiment., Three
different conditions could be identified: (1) If an oxide film was formed

the Mo sputtering was reduced mainly due to a depletion of Mo in the oxide

layer.(2) At very high temperatures( n1400°C) the oxide was observed to
evaporate and the erosion yield was given by the sputtering yield of pure Mo
superimposed on the erosion yield caused by oxidation and the evaporation *
of the oxide.(3) At intermediate temperatures a mixture of oxide and metal
sputtering occurs together with oxide evaporation. The superposition is not

linear (synergistic effects) and the interaction is not well understood.

Basically the same behaviour was found when the target was bombarded by CG+
or 0+ jons. In fig. 6 the Mo sputtering yield is shown as a function of
target temperature for different ion energies. The data are taken from
different references /4,19/, -
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At low temperature the sputtering yields are lower than expected for
physical sputtering from a pure Mo surface. The expected values are
indicated by the dotted 1ines at the right hand side of the graph and are
calculated from a semi-empirical expression /20/. At very high temperature
the data seem to approximate the superposition of the physical sputtering
of pure metal surfaces and the evaporation of MoO3 as indicated by the
dashed 1ine. In the intermediate range the superposition of mixed processes
may cause temperature dependence as observed. It should be noted that the
sputtering of a solid oxide shows a similar temperature dependence.

Kelly and Lam explained this behaviour by a combined action of
physical sputtering and thermal spikes /21/.

D) RELEVANCE FOR FUSION

1. CHEMICAL SPUTTERING

Due to the extensive use of graphite as 1imiter materials, investigations
of the erosion of graphite by energetic hydrogen and the related
synergistic effects are of great importance for current fusion experiments.
The experiments discussed above emphasize this importance. The enhanced
erosion by chemical effecs 1n particular can result in an intolerable high
release of impurities.

One should be cautious , though, because an uncritical use of the presented
results for estimating the erosion of graphite limiters can be misleading.
The irradiation conditions in a fusion device are different from the
conditions of the experiments presented at the workshop. The hydrogen flux
to a limiter surface is orders of magnitude higher (1017 - 1019 particles
em? s 1) and the particle energy is considerably lower (about 10 eV to
100 eV) compared to the present experiments. Experimental results show the
methane yield to be flux-dependent (Fig.7), in agreement with a model for
the chemical erosion based on methane formation. The model was given by
Erents et al./12/ and shows reasonable agreement with the measured flux
dependence of the methane yield in the range of 10715 _ 10717 W /en? s
(Fig. 7). The erosion yiéld for graphite measured by the weight 1o0ss method
(also shown in Fig. 7) does not agree with the model so well, the
experimental data do not reflect a flux dependence of the erosion yield.
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A discrepancy between the methane yield and the erosion yield of graphite
is also seen in the energy dependence of the yield. In fig. 8 the chemical
erosfon yield at peak temperature, the corresponding methane yield; and the
yield for physical sputtering ( 300%) are compared at a particle flux of
1015 D+/cm2 sec. Chemical and physical erosion yield differ by a factor of
10. According to the Erents model /12/ this difference should disappear at
a flux of 1018 D+/cm25ec (dashed 1ine in fig. 8) as the chemical sputtering
yield is reduced (see fig. 7) because the physical sputtering yield does
not depend on the particle flux.

As reported at the workshop, the erosion yield 1s also enhanced by the
combined action of thermal and energetic hydregen. Such an effect may not
be of importance for the chemical erosion of graphite 1imiters. The flux of
neutral particles to the limiter is small compared to the flux of hydrogen
ions, The situation would be different for the first-wall where the
energetic and thermal particles are mainly neutral and the low energy
component can he high.

[I. RADIATION-ENHANCED SUBLIMATION

Chemical erosion occurs at temperatures around 600%. At temperatures above
1000°C an increase in the erosion yield was observed which can be explained
by an enhanced subiimation /13/. Roth presented a model for this
enhanced sublimation at the workshop. The model is based on the generation
and diffusion of vacancies and interstitials. Computer calculations based
on this model show good agreement with experimental results /17/ {figs. 4
and 5). Such calculations also show a flux dependence of this effect /22/.
In Fig. 9 calculated yield values for 1800°C and a flux of 1016, 1017,
10180+/cmzsec are compared to the physical sputtering at room temperature.
The effect is reduced at higher fluxes also in the case of radiation-
enhanced sublimation. Due to the higher threshold of this effect the yield
for a particie flux of 1018 cm"2 sec'1 is comparable with the physical
sputtering for ion energies .. 50 eV.

The calculations for chemical sputtering and radiation enhanced sublimation
together with estimations as discussed previously indicate only a moderate
importance of chemical effects for the erosion of graphite limiters in
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fusion devices. However, all ‘these estimates are:baséd on extrapolations
which contain a certain degree of uncertainty. Experiments at high particle
flux are needed in order to give a decisive answer about the importance of
the effects here discussed.

ITI. OXYGEN SPUTTERING

In nearly all fusion plasma experiments oxygen is one of the main plasma
-impurities. Therefore oxygen sputtering is important in most fusion
devices. Due to the rare events of charge exchange neuralization for
multiple charged oxygen ions, oxygen sputtering may be mainly important on
limiters and divertor plates.

As suggested above, the physical sputtering by oxygen ions 1s modified
mainly by the formation of oxide films and/or by the evaporation of the
oxide, The latter depends on the target temperature.

In the case of graphite the oxide 15 volatile at room temperature and the
erosion is caused by the combination of physical sputtering and the
evaporation of the oxide /19/. At higher temperature (750°C) no change in
the erosion yield was found as both processes are independent of
temperature in the investigated temperature range.

For metals, e.g.'for Mo, the sputtering process is rather more complex.
However, if the plasma is sufficiently clean, the erosion of the limiter or
divertor plates may be dominated by hydroaen sputtering in which case the
formation of an oxide film may be prevented. Physical sputtering of a clean
surface by oxygen may be the only erosion mechanism for the oxygen
bombardment. The sputtering yield of this process can be estimated from the
measured yield data for Ne, by using semi~empirical expressions for the
sputtering yield or by computer calculations /23/. At high oxygen impurity
levels the situation is different. In this case a better understanding of
the effects is necessary in order to make estimates for the impurity
production at the 1imiter/divertor subjected to oxygen ion bombardment.
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Fig. 1 The chemical erosion yield versus graphite temperature for different
ir'rad‘iation conditions. The data are taken from ref. / 8,13,16 /.
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Fig.3

Schematic model for simultaneous bombardment of carbon with hydrogen
atoms and deuterium ions. Implaited deuteriumis released through
channels and pores where it can form CD3 and recombine to CD4

on its way to the surface. Atomic hydrogen, however, forms CH3

at the front surface only. Thus, only little mixed molecules

are formed.
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METHANE YIELD (1072 CH,/H*)
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Abstract o | ; =

Plasma-surface interacgipn pheﬁomgna havé; become a subject of ﬁﬁajor
interest because 6% theif relevance in -two important technological
developments - of recent decades, viz, microe];étronics and . thérmongélear
fusion. Microelectronic fabrication often involves the use of relaﬁﬁvely
low-pressure/low-temperature plgg@g ;gischarges for etching micron-size
features in integrated circuitsé here”erosion is a désired e%fect. Fusion
plasmas, by cbntrast, cause erosion of the fusion deyicé inner walls, which
is geénerally not desirable. In both cases surfaces are bombarded
simultaneously by plasma speéié% wﬁikh include ions, neutral atoms,
electrons and photons, which might lead to enhanced erosion due to
synergistic effects.

Work performed to date suggests that similar chemistry may be involved
in the erosion process associated with some semiconductor and fusion related
materials: SifF,, SiCi, and CH, are, for example, some of the principai

species evolving from Si and C surfaces, causing the observed erosion.

Considerable effort has been expended on studies involving synergistic

— 96—



>

effects for semiconductor fabrication. Research on synergism related &o the
erosion of fusiqn maﬁgrials (C and carbon compounds) commenéed comparatfve]y
recently; hoygyer, it§ 'impoftance has been increas%ng]y recognized, and
evidence of lpos§ib1eA synergistié erosion of graphite has recently been
obtained in the PLT fusion device.

In light of the interdisciplinary nature of the subject, experimental
and theoretical work on synergistic effects in erosion of both
semiconductors and fusion materials will be critically reviewed here in an
attempt to unify concepts related to results and mechanisms proposed to
explain the observed phenomena, and to.explore possible new avenues of

research,
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1.0, INTRODUCTION

The erosion of surfaces due to the interaction of particles and
electromagngtic radiation with materials has become a subject of major
interest, and therefore the object of extensive studies, as a consequence of
the relevance of erosion processes in two important technological
dvelopments of recent decades, viz, microelectronics and thermonuclear
fusion. The scope of this review is limited to chemical reactions between
reactive gaseous species and solid surfaces leading to the formation of
volatile molecules and consequently surface erosion. This erosion process
is distinct from physical sputtering, which results in surface erosion by
ejection of atoms due to momentum transfer only. Chemical reactions which
lead to volatile products involve surface processes which occur in
complicated plasma environments for both semiconductor and thermonuclear
fusion technologies. Surfaces exposed to these plasmas are generally
bohbarded, simultaneously, by a combination of particles [ions (inert and
reactive), neutrals (reactive), electrons] and photons. In the case of
fusion, neutrons will have to be added to the list of particles in future
reactors. Device fabrication in microelectronics often involves the use of
relatively low temperature plasma discharges, which are used to etch
micron-size features in integrated circuits;1 here erosion is a desirable
effect. Fusion plasmas, by contrast, produce erosion of the fusion device
inner walls, which is generally not desirab]e.z'5

In both cases, surfaces are bombarded simultaneously by plasma species
producing, generally, an enhanced chemical erosion due to0 synergistic

1,6,7 These will be defined here in accordance with the general

8

effects.,
concensus reached at a recent Workshop on Synergistic Effects,” i.e.,

synergism relates to phenomena where the combined effect of independent
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processes is greater than the linear superposition of the sahé effects when
occurring separately.

Ion- and electron-assisted etching; as employed in microelectronics,
benef{t from the directﬁcna] nature of these energetic particles which
impact on a surface immersed in a plasma. This effect is used to advantage
in many applications where microcircuit fabrication requires the etching of
patterns with vertical sidewalls and little or no undercutting of masked
features.l’9 It is generally accepted among researchers in microelectronics
technology that ion and electron bombardment accelerates etching in many
gasification reactions occurring on surfaces impacted by sub-eV reactive
species (F, Cf, etc.), which are generally produced in plasmas fed with
appropriate gases (F,, XF,, CF,/0,, Cs2,, CC2,, CF,C2, etc.). However, it is
not totally clear at present, in most cases, what the underlying mechanisms
responsible for this erosion enhancement might be. In principle, ion
bombardment may accelerate any one or all of the steps involved iin
etching,10 these steps being: (1) non-dissociative adsorption of sub-eV
gas-phase spécies on the surface of the material etched, (2) dissociation of
the adsorbed species, i.e., dissociative chemisorption, (3) reaction between
adsorbed atoms and the surface to form an adsorbed product molecule, (4)
desorption of the product molecule into the gas phase, and (5) the removal
of non-reactive residues that may be left on the surface. Any one of the
steps mentioned above may be the rate limiting one to the overall erosion
process, and the sensitivity of the rate limiting step to ion, electren,
and/or photon irradiation will determine whether or not an enhancement of
the overall etching reactipn occurs,

Not only particle-assisted, but also photon-enhanced etching of

semiconductors (using visible or UV lasers) was observed in early
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11,12

studies, although it was only recently that its potential application

in microcircuit fabrication was demonsv:rai:ed.lz'15

An important attribute
of this technique is that high-spatial resolution etching can be
accomplished by "direct writing", i.e., without the use of
photo]ithography.13' However, laser-enhanced chemical etching is still
rather slow in many cases, when compared to particle-assisted erosion.l5

In contrast to the microelectronics technology case, erosion of inner
walls in fusion devices is generally an undesirable effect. The surface
ercsion is produced, in this case, by simultaneous bombardment of reactive
hydrogenic ions and neutrals (H*/H? and isotopes), helium and impurity ions,
neutrons (on future devices), electrons, and photons. This multispecies
impact may produce, as shown in recent laboratory simu]ations,6’16'18
significant synergistic effects which lead to an enhanced erosion of
carbonaceous materials currently being used in several major fusion devices,
and projected for future machines. In fact, evidence for
synergistically-induced enchanced erosion of carbon, has recently been noted
in the PLT fusion device. An abnormally high erosion was observed on the
leading edge of a carbon probe cap exposed to RF-heated plasmas in PLT;
model calculations indicate that synergism between the thermalized reactive
plasma and fast ions might be responsible for this effect. Clearly, better
understanding of this phenomenon will be necessary if carbonaceous materials
are to find continuing use in fusion.

1,7,8-22

Work performed to date suggests that similar chemistry may be

involved in erosion processes associated with some semiconductor and fusion
related materials; for example, SiFy, SiCLly, and CHy have been identified as
some of the main species evolving from semiconductor and carbonaceous

surfaces, causing the oberved erosion. For the 1latter case, recent
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6,16,18 suggest that CH; may be the main desorbing species. However,

results
the basic mechanism for the formation of CH; is still expected to be similar
to that proposed for semiconductor related species. Considerable effort has
been expended on studies involving synergistic effects in relation to
semiconductor fabrication. By comparison, work on synergism related to the
erosion of fusion materials has not been as extensive; however, its
importance has been recognized recently and efforts are presently increasing
in this area of research.

In light of the interdisciplinary nature of the subject, experimental
and theoretical work on synergistic effects in erosion of both
semi-conductors and fusion materials will be reviewed -here, in an attempt to
unify concepts related to results and mechanisms proposed to explain this
phenomenon and to explore possible new avenues of research. Additionally,
chemical erosion due to single species impact by sub-eV reactive atoms and
energetic reactive ions will be briefly reviewed as these exposures involve
processes germane to synergism.

2.0 CHEMICAL EROSION

Enhanced erosion of many solid materials may result from the
simultaneous interaction of ions, neutrals, electrons, and/or photons with
surfaces, lIons considered here (whether chemicaily reactive or not) have
generally high enough energies (10's or 100's eV) to enable them to displace
lattice atoms in the material. Electrons and photons, on the other hand,
may be more efficient in activating electronic excitations, while neutrals
(usually reactive species) are characterized by energies from sub-eV to keV
range, and presumably behave as ions, Although the concept of synergism has
been mainly associated with processes involving the simultaneous bombardment

of surfaces by combinations of energetic (reactive or not) and low energy
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reactive species from the gas phase, electrons and photons, in principle,
synergism may alsc occur when incoming particles interact with "reactive"
species previously implanted in the material and subsequently diffusing to
the surface. In fact, chemical erosion of carbon, for example, under
energetic ion (H*, D* or eventually T*) bombardment a]one,w-38 may be
partially due to a continuously occurring synergistic effect between the
incoming ions and those previously implanted.

An accurate understanding of erosion mechanisms due to single species
impact by low energy (0 to 10's eV) and energetic particles (> 100 eV) may
be useful in order to reach a better comprehension of synergistic effects.
Therefore, a brief review on etching/erosion by the individual species
mentioned above will be presented here as an introduction to the main
subject of the paper, in such a way as to establish a common framework for
the understanding of erosion of semiconductors and fusion materials. For
the Tlatter case, only carbon and carbonaceous compounds, and hydrogenic

species impact will be considered here,

2.1 Chemical Erosion of Materials by Low-Energy Species

Historically, chemical reactions between gaseous species and solid
surfaces were described even before sputtering was identified as the removal
of surface atoms from a cathode due to the impact of energetic ions from a
gas discharge. Chemical reactions on the electrodes of a gas discharge tube
such as oxidation in an oxygen atmosphere and reduction in a hydrogen

discharge were first recognized as early as 1852.39

Perhaps, it is thus not
surprising that low- and high-pressure plasma discharges have grown to find
widespread use in the ﬁicroelectronics industry for etching integrated
circuits. Etching of semiconductor materials immersed in plasmas generally

1,7,9,40

involves synergistic effects; however, in order to better understand
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synergism, research has been performed using low energy (~1 eV)- species.

Similarly, a better comprehension of chemical processes in the erosion of

carbynaceous materials exposed to ~L eV atomic hydrogen 1is necessary to

acquire a better insight into .the possible synergistic effects of interest
to fusion applications. The chemical erosion produced by the interactions
described above is defined as the process whereby atoms of a material leave
the surface as part of thermalized molecules after reacting with ~1 eV
gaseous species.
According to this definition, the appearance of chemical erosion may be
inferred from different experimental observations, namely:
(i) The erosion yield should show "strong variations with surface
temperature. This, however, may not be a sufficient condition; for
example, carbon erosion due to bombardment by energetic ions (H*,
D*) at temperatures of ~1200 to 2000K, shows a strong temperature
dependence, although no hydrocarbon formation, characteristic of

chemical erosion, is evident. 36,41

(i) Molecules involving atoms of eroded materiéls and gaseous species
should be observable.

(i1i) Compared to physical sputtering, which is due to momentum transfer
by energetic ions,42 no sharp threshold as a function of gaseous
species energy should be observed in the case of chemical erosion.

(iv) The energy distribution of molecules leaving the surface should be
close to or equivalent to the target surface temperature, although
perhaps the chemical energy of reaction will influence molecular
energies.

(v) Chemical erosion should be strongly selective for different

combinations of target atoms and reactive species.
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(vi) The activation and inhibiticn of the erosion process, by the state

of the reactive species and surface atoms, should be pronounced.
A detailed description of experimental and theortical work related to
each one of the points described above can be found in a comprehensive

2l Therefore, only details of information germane

review published recently.
to synergistic effects will be discussed here.

(a) General Mechanisms for Sub-aV Atoms - Surface Reactivity

Similarities between C and S$i reactivity under exposure to sub-eV atoms
will be analyzed in an attempt to unify concepts useful for the
understanding of synergism.

Chemical erosion of Si by F, perhaps one of the best known systems in
semiconductor etching, is the example that may most cliosely resemble the H-C
system in fusion technology. Therefore, Si-F will be discussed mainly for
comparison purposes. Sub-eV F atoms react spontaneously with Si and

Si-compounds (e.g., Si0,, SizN, and SiC) to form volatile molecules

responsible for the erosion process.7’43 One of the main volatile molecules
initially observed in F-Si reaction was SiF,]’g’ 10,84,45 thite CH, was the
16,22,46-52

main species detected for the H-C system. More recently,
however, SiF, has also been observed to desorb from $i*and CH; has been
detected as the main species evolving from carbon, with CH, being a minor
ca»mponent.18 In any case, the initial steps in the mechanism leading to
SiF,, SiF, and CH; and/or CH, may still be similar as indicated in Figs. 1

and 2 (see discussion below). The resemblance between C and Si reactivity

extends still further, since CF, (observed as CFS mainly due to CF, dissociation)
can be produced on grapﬁite,ss and SiH 4 has been detected during the interaction
of H' ions with Si at different temperatures.,21’ 54, 55

Considering all of the above, it is not surprising that at least one of
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the postulated mechanisms for the Si -”FJ‘O and C‘-H4g"f50

reactions are similar.
This similitude might further be used to gain some.insight into the C-H
system from the existing knowledge and understanding of the Si-F system.
The exensive surface analysis techniques that have been successfully used in
obtaining relevant information for the Si-F chemistry have not as of yet
been f:uﬂy applied to the C-H system. Figures 1 and 2 show schematically
the mechanisms postulated for the formation of SiF, (F]amm-Donnellym) and
CH,, respectively. Both mechanisms involve successive steps in which F and
H atoms impinging on the surface react with Si and C atoms, respectively, to
form Si Fx (x =1, 2, 3) and CHx (x =1, 2, 3) precursors with a final fast
step leading to SiF, and CH, formation. The final step leading to CH,
formation may have to be revised in view of recent results.18 The presence
of SiF, molecules has been detected on Si surfaces by electron spectroscopy
for chemical analysis (ESCA),“ which has shown that F binds to Si with
bonds that exhibit the chemical shift characteristic of SiF, molecules.

More recently, Vasile and S1:ev1'e45

detected SiF, molecules evolving from Si
surfaces by using an experimental technique capable of detecting radicals
desorbing from surfaces. They reported a lower limit for the ratio of
SiF,/SiF, emitted from the surface in the range 0.1 - 0.3, Additionally,
SiF, desorption was identified in the broadband visible chemiluminescence

44,57 and undissociated

9

observed during Si etching in F-containing plasmas

58

fluorine; the emitting species was identified5 as an excited

trifluorosilyl radical arising from the gas phase reaction
SiF, + F(F,) » SiF* » SiF, + hv

Although some experimental evidence seems to support the Flamm-Donnelly

F,40

mechanism for Si etching by an alternative model, recently proposed by

7

Winters et al,’ must also be considered. Processes included in this model
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are briefly discussed below (see Ref. 7 for more details and references

therein)
(1)

(2)

(3)

(4)

(5)

The adsorption step in the etching reaction probably proceeds
through the formation of precursor states (this is similar to the
case in Ref. 40) which could strongly influence the reaction
kinetics.

Phenomena known in oxidation reactions are likely to have a strong
influence on or dominate etching reactions. (a) Etching, according
to this model, analogous to oxidation, is likely to occur from a
"reconstructed" surface. (b) Field-assisted mechanisms of the

Mott-Cabrera 1:,)/pe60-62

involving place exchange and motion of
catiens and/or anions are likely to influence or dominate etching
reactions.

Spontaneous etching will probably not be observed for halogenated
surfaces which contain only a chemisorbed layer.

Spontaneous etching is generally a consequence of processes which
lead mainly to the formation of saturated (as opposed to
unsaturated) molecules.

The activation energy for the etching reaction may change depending

upon the flux and types of incident particles.

According to Winters et a1,7 it appears that the presently available

experimental evidence does not clearly allow for unambigous differentiation

between the Flamm-Donnelly

40 and Winters et a17 models.

Attempts to detect CHy (x = 1, 2, 3) precursors on graphite surfaces

by using Raman spectroscopy were less successful. The evidence is mainly

related to ion bombardment instead of sub-eV atoms. Wright et a163 could

not observe possible local-mode bands which would have characterized C-H or
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C-D vibations on surfaces implanted with H* and D* ijons. By contrast,

64,65 have previously found a strong luminescence of H*

Patrick and Choyke
and D¥ implanted 6H and 4H SiC, which they believe to be associated with the
p;esence of C-H and C-D vibrational modes at 370 and 274 meV (2980 and 2210
cm-1), respectively. They further concluded that the implanted H or D atom
diffuses to a bombardment-~induced Si vacancy to form a C-H or C-D bond with
one of four neighbouring C atoms; Si-H or Si-D modes were not observed.
Indirect evidence of the existence of CH, precursors on graphite surfaces

has been obtained recently by Vietzke et 21516,18

during studies related to
ion-enhanced erosion of graphite under simultaneous bombardment by Art ijons
(5 keV) and sub-eV H® atoms. By locating a quadrupole mass analyser close
to, and Tlooking at a graphite surface, they were able to detect CH,
molecules desorbing from the sample in grater amounts than CH,, as indicated
by the CH;* and CH,* signals in the quadrupole. Considering that CHy* is
83% of CH‘,+ in the wusual break-up pattern of CH,, the most probable
explanation for a greater CH3+ signal 1is that CH; molecules are evolving

from the surface.

(b) Temperature Dependence of Erosion Yield

The temperature dependence of the erosion yield for both Si-F and C-H
systems shows, perhaps among all observations which characterize chemical
erosion, the most relevant difference in relation to the Si-F and C-H
reactivities. Figure 3, which shows the temperature dependence for the Si~F
system indicates that XeF, etches Si faster than F atoms. This is
surprising since etching by F, molecules is negligible58 (this being similar
for H, in the C-H caseso), even though the F-F bond dissociation energy (155
kd/mole) is smaller than the first Xe<F bond dissociation energy (226-242

66

kd/moie). The difference was recently attributed  -to distinct adsorption
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of F, and XeF, due to higher polarizabiiity of XeF, with respect to F and

66 9,10,53,67

Fye Flamm et al indicated that previous assumptions about

similar behaviour of F and XeF, in Si etching, based on data taken under

drastically different conditions,10’44’67

may not have been solidly
supported.

The temperature dependence of the erosion yield for sub-eV HO/C
intaraction shows also discrepancies, although of somewhat different nature
than those for the Si-F system. Methane yields due to bombardment of
carbon by <1 eV H® are extremely inconsistent according to published

20-22 (see Fig. 4). Two principal features of the anomalies are

results
noted: (i) the yields span almost four orders of magnitude, and (ii) some
studies show the existence of a maximum in the CH, yields vs carbon
temperature curve, while others indicate no maximum (see Fig. 4). In
addition, the observed femperature maxima appear to be located at one of the
following two temperature ranges: 500-600K and 750-850K. The reported
discrepancies in the spread of CH, yields have been attributed to the use of
different types of carbon as well as surface conditioning, different vacuum
environments, and/or different methods of producing sub-eV H°.22’70 The
difference in curve shapes (see Fig. 4), as experimentally obseved, might be
explained by considering two states of reactivity for carbon:22’70
"activated" and "deactivated" states. The "activated" state is
characterized by a relatively high CHL/H° yield (see inset in Fig. 4) and
can be regained by heating the carbon to temperatures > 1200!(.22’50’69‘70
The “"deactivated” state, associated with lower methane yields, is produced
by exposing the activaied surface to a certain HO fluence. Curves A, C, E,
K, L, M and N represent "activated" yields, while B, D, D', F, I, J and O

52

correspond to “deactivated" yields. Abe et al reported results which
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indicate that they have also observed the temperaure-induced activation
effect. They did not explicitly recognize that the target temperature
tregtment, previous to surface exposure to sub-eV HO, may have been
responsible for an initially high CH, production rate (the target was heated
up to ~1300K for 60 min). However, they indicated that graphite surfaces
can be made less reactive after exposure to sufficiently high sub-eV HO

fluences.

16 49

Groups which obtained curves D, ", I,49

and J ~ may have overlooked
this phenomenon, due to the fact that their HO beam related experiments
involved rather long exposures of the target to the HO beam before data
points were taken (phase sensitive detection methods were necessary). This
would imply that the transient peak corresponding to the "activated" state
may have been lost, since the decay occurs in approximately less than about

22,70 47 L68 and M48 were

thirty seconds for the H® fluences used. Curves K,
obtained in plasma environments and high pressure and high HO fluxes. It is
not certain whether the surfaces were also exposed to ions; additionally,
erosion rates were generally extremely high, =~1016C/cm2s. Therefore, it
cannot be concluded which one of these effects might have causedactivation.
However, Curve C, obtained by exposing pyrolytic graphite to sub-eV HO over
the first 28 seconds after stopping a simultaneous H9/Art (5 keV)
irradiation of the sample,16 indicates that ion bombardment may be even more
effective than preheating in activating carbon surfaces. In fact, other
recent studies with sub-eV HO and H* ijons also indicate that carbon surfaces
can be activated by ion bombardment.l7 In view of this analysis, the plasma
related experiments may have involved ion-induced activation.

The temperature-induced activation effect has been confirmed recently,

by new experiments with the H, backfill method of HO production71 and also
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69 For the

by using a UHV (RF) HO beam Source to bombard carbon targets.
former case, the tungsten filament used to create H® atoms was reduced in
size to diminish sample. heating by radiation, allowing CH, yields to be
measured at target temperatures down to ~500K., These results confirmed the
existence of a peak for the deactivated yield at about 500-600K, a feature
previously not observed in some backfilling experimen’cs?'z’70 due to
experimental limitations, but observed in H® beam work.]‘6’18’6%4oreover, the
state. of activation of the surface ("deactivated" curves: D, D', F, 0;
"partially activated": curve C; "fully activated": curves A, E, K, L, M,
N, all in Fig. 4; and Mass 15 curve in Fig. 12 of ion-induced synergism
section) may be an alternative explanation, in addition to those proposed
above {different surface structure, preparation, etc.), for the observed
shifts in the maxima of the CH, vs carbon temperature curves. Further
studies will be necessary to elucidate this point.

It is not clear yet what the temperature and ion-induced activation
mechanisms might be, and further experiments will be necessary to understand
the phenomenon. However, a tentative hypothesis72 indicates that
temperature may promote the formation of CH; precursors by reaction of
loosely bound C atoms with HO present on the carbon surface after being
retained during H® exposures. In fact, CH, (from the break-up of CH, in a
quadrupole) and H, have been observed to desorb from graphite during
temperature~induced act:ivat:ion,,71 indicating that hydrogen atoms trapped
during previous exposures react at the target surface. Once the active
precursors are exhausted the carbon is in the deactivated state and the
formation of CH, wilil .requi re a sequence of steps as indicated in Fig. 2.
Alternatively, the reaction between H/C surface complexes may lead to the

formation of a stable H/C surface complex, which would destroy available
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sites for CH, formation contributing to the surface de&ctivation.so Two

quantitative models have been developed to explain the -sub-eV HO/C reaction
dfata presented in Fig. 4. The first, due to Balooch and O1 amdev‘q'9 assumes
an HY gas in thermal and chemical equilibrium with the solid surface
producing a number of ‘adsorbed HO atoms equal to the product of the incident
atomic hydrogen intensity, I,, and a sticking coefficient for Ho, 49, 73-75
This and other assumptions, including he CH, formation mechanism illustrated
in Fig. 2, were the bases for developing a set of kinetic equations -for
fitting the experimental curves I and J of Fig. 4. The second model was

50 and it differs from the -previous one mainiy by the

developed by Gould,
fact that Gould's kinematic equations account for -the activation and
deactivation effect for fitting the experimental curves E and F in Fig. 4.
Recently, Roth has sh'own21 that a theortical curve with a peak at about
550-650K can be obtained for the methane yield as a function of target
temperature, by using Balooch and Olander's equa’tians,49 but changing I, (a
parameter kept constant in Balooch and Olander's original ca1culat1‘ons49)
and including an HO saturation surface coverage (cg). A curve with a peak
was obtained for a theoretically assumed?! I, = 1019 HO/cm2s and ¢y = 1013
HO/em2 (c, as measured by Gou1d50). However, Balooch and Olander's mode149
appears to be unable to explain the activated and deactivated peaks as
Gould's approachsodoes. |

2,2 Chemical Ercsion of Materials by Energetic Reactive Ions

{a) Semiconductor Materials

Most of the research and production applications involving bombardment
of semiconductor surfaces by reactive ions alone -has been doné by using
broad~beam ijon sources of the type destribed in a recent review.76 These

sources generally include a discharge chamber where ions are produced by

- 112 -



either - direct-current electron bombardment or r.f. discharges, and the
efficiency of ion production 1is enhanced by different magnetic field
configurations. Beams of several centimeters in diameter, tens of eV to keV
in energy, and wide current ranges have been obtained. One of the main
advantages of using these beams, rather than plasma related experiments, is
the possibility of changing bombardment parameters (energy, ion current,
angle of bombardment with respect to the sample, background pressure, etc)
independently, permitting controlled experiments to be performed to
elucidate the importance of each parameter in the overall etching process.

The same type of sources wused in microelectronics are now,scaled up to

appropriate dimensions, finding applications in fusion technology for neutral
beam injection.

The scope of research performed to date and currently being performed
on chemical erosion of materials, mainly semiconductors, by reactive ion
beams is so wide that it cannot be encompassed in the space available for
this review. Therefore, let it suffice to say that research in his area, as
well as in the fusion materials case, has shown that the sputtering yield of
matzrials due to reactive ion bombardment can be higher than the physical
sputtering produced by inert ions. Figure 5 shows, as an example , the
different erosion yields of Si0, when bombarded by CF,* and Ar* ions.
Reports on reactive ion-beam etching of Si, Si0,, and photoresists with CF ,,
CCA CHF3. CL,, etc, have proliferated in the last years (see Ref. 76 and
references therein). The emphasis has been on the etching of Si and S5i0,
where erosion rates at 500-10003/min have been achieved. Due to the fact
that neutral particles cannot be totally eliminated in the beams described
above, synergistic effects may be present under certain conditiors leading

to enhanced erosion.
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By contrast to erosion, a variety of physical and chemical properties
of materials -~ over large areas =- can be modified by reactive ion
implantation using broad-beam sources. Examples are hardness, friction,
&echanical resistance, ébrros1on resistance, bonding, fatigue, adhesion,
electrochemical and catalytic behaviour. . These properties depend greatly on
the structure and composition of the surface layer within about 1 um from
the surface. Such ion beam sources could aiso be used, in principle, to
modify the properties of materials over the large areas needed for some
fusion applications. In this way surface properties could be changed to
improve erosion resistance, retention, permeation characteristics, etc, in
the quest for developing the most appropriate materials for the fusion

environment. .

(b) Fusion Materials (Carbon)

Detailed descriptions of results related to observations characterizing

chemical erosion phenomena for energetic ion (H*, D¥, He*, etc) bombardment

have been published in two recent reviews.21’78

37,38

The present review includes
new relevant data, particulary in relation to the chemical sputtering/
erosion- yield dependence on the energy of hydrogenic ions, wiich is of
direct interest to fusion technology (Fig. 6). The term "“chemical
suttering" has been widely used in the literature. However, it might be
more appropriate to refer to erosion by formation of volatile products as
"chemical erosion", since sputtering involves the idea of momentum
transfer42 while volatiles generally leave the surface with energies
equivalent to the target temperature, therefore having, in general, a
Maxwellian velocity distribution,

Methane yields resulting from the bombardment of carbon by energetic

hydrogenic ions (~0.1 - 100 keV) have been extensively studied, and the
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yield dependence on beam flux density and carbon temperature is consistent,
among results obtained by different groups, generally to within a factor of

five20’21’78’79

(see Figs. 6 and 7). This agreement is reasonably good,
considering that yields have been measured by different methods (weight loss
or volume loss, and.calibrated measurements of the CH, partial pressures),
and various types of graphites have been used in different experiments.21

Radiation-induced amorphization63

may lead, at high fluences, to similar
surface structure diminishing or eliminating structural differences for
distinct types of graphite. In nearly all cases the chemical sputtering
yield exhibits a maximum at temperatures between 720K and 920K (Fig. 7) as
was also observed for the sub-eV HO impact case (Fig. 4). However, there is
a marked difference between the sputtering yields for hydrogenic ions and
sub-eV HO atoms. The maximum of the chemical suttering yield due to ions
reaches values spreading from ~10-2 to 10-! atoms per ion for target
temperatures of 720-920K (Fig. 7) while the yield due to sub-eV HO atoms is
of the order of 10=% - 10=3 CH /HO,

The interpretation of data may be complicated by the appearance of
hysteresis effects in the CH, yield vs target temperature curves (Fig. 8).
It has been observed that reaction probabilities are higher when increasing
the target temperature than when decreasing from initially high
temperatures.21 This effect has been observed not only for hydrogen ion
bombardment but also for sub-eV atoms for the hydrogen ard oxygen-carbon

49,80 It has been explained as a result of the existence of

interactions.
different surface concentrations of reactive atoms in the material at the
start of the measureﬁents, which may lead to a drastic reduction of the
chemical erosion after high-temeprature annealing of the sample. However,

in view of new phenomena recently observed, i.e., ion-induced activation and
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synergism in graphites’17’18’81

and their dependence on target temperature,
these effects should be considered at least in the case of ion bombardment,
when trying to explain the observed hysteresis. Additionally, the different
methane yields observed for different doses (see Fig. 8) were related to the
hydrogen surface concentration, which leads to the methane pr'oductnif.m.z1
Hohever, an- alternative or concurrent mechanism should also be considered,
viz, the development of ion-induced topography features on bombarded
surfaces (Refs. 82-86 and references therein). It has been shown in a

84

recent review = that dense arrays of cones, ridges, etc, generally developed

on bombarded surfaces, may induce retrapping of sputtered atoms, thereby
decreasing the observed sputtering yield by a factor of 30 to 100, depending
on bombardment parameters and materials. Surface textures such as those

49,87 Textured

78,82-86 in

mentioned above have already been observed on graphite.
surfaces may be advantageous, as has been recently-suggested,
fusion device applications.

Finally, the data on sputtering yield vs beam energy dependence for
H*/D*/He*-carbbn interaction, found in the literature (Fig. 6) show two sets
of curves with peaks (albeit some of the peaks are quite shallow) at about
200-300 eV and 1-3 keY., As with the spread in the measured yields (Figs. 6
and 7), the difference in the occurrence of the peaks might also be
attributed to differences in the types of carbon, target preparation
procedures, bombardment parameters, or measurement methods. In an attempt
to explain the energy and temperature dependence of the CH, yield, Yamada

37

and Sone™" have made improvements on a model previously developed by Erents

et a1%8 for K*/D*-C.interactions. The improved model includes surface

deposited energy and reflection of ions as new parameters, which depend on
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the energy of the bombarding ions. Essentially, the model involves the
adjustment of four parameters to experimental data. VYamada and Sone's
calculations appear to fit their experimental data with curves having peaks
at about 1-3 keV. However, it is not clear whether slight changes in the
fitting parameters may lead to shifts in the calculated curves such that
experimental curves with peaks -at about 200-300 eV may be fitted as well.

Alternatively, computer ca]cu]ations21

of surface energy deposition of
hydrogenic ions penetrating carbon’ indicate that there is a maximum (for
energy transfers >8 eV) in energy deposited in the lattice at about 200-300
eV (Fig. 3.30 of Ref. 21), which correlates well with the observed maximum
at 200-300 eV in the sputiering yield curves21 (Fig. 6). Little can be
concluded at the moment regarding the use of the Yamada-Sone mOde137 in
deciding which set of data is more accurate. In any case, from the
application point of view in fusion devices, it may not be relevant whether
the maximum yield is at 200-300 eV or 1-3 keV since the yields are very

similar (Fig. 6).

3.0 ION-INDUCED SYNERGISMS

Ion-assisted etching has become one of the most useful techniques to
fabricate micron-sized features on semiconductor surfaces. Its potential
has not been fully exploited yet, mainly because of the lack of a more

definite understanding of the underlying mechanisms. Much has already been

1,7 but still more work is

necessary to elucidate many unknowns. Work done wnitil nowl’7

done in basic research reaited to this field,

has allowed us
to identify the intluence of several parameters in ion-assisted etching in
semiconductors, i.e., substrate characteristics (crystallinity, reactivity,

etc) and temperature, ion energy, ion and reactive neutral fluxes, substrate
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temperature, and the gas phase and gas-surface chemistry. Ion~induced
synergistic effects in the erosion of fusien materijals, mainlty carbonaceous
compounds and pure carbon, is,. on the other hand, a matter of concern
because the possible occurrence of an undesirable enhanced rate of impurity
introduction +into the.plasma. Ideally, this effect should be diminished to
ve?y low levels in fusion devices, although the .production of a wall-
protecting impurity-dominated, radiating plasma edge may be desirable.
Considering the generalities mentioned above, the main focus of this section
will be on the state of the present understanding of synergistic effects
independent of their desirability. -

It has been widely observed, and is generally accepted now that ion
bombardment accelerates erosion in many gasification reactions on surfaces,
but in several cases it is not clear yet how this enhancement occurs.
Moreover, possible mechanisms have already been identified to explain the
experimental observations. The general consensus at present is that ion
bombardment may accelerate any one or all of ihe steps involved in erosion,9
as described in detail in the introduction to this review. The sensitivity
of the rate limiting step to ion bombardment wiil determine whether or not
ion enhancement of the overall erosion reaction occurs.

3.1 Experimental Evidence

(a) Semiconductor Materials

Ion energies and fluxes appropriate for anisotropic etching of
semiconductors can be achieved by using several different combinations of
operating conditions and reactors (when plasma etching is used) or

ion/reactive sub-eVY species beam combinations.l’7

In plasma etching,
intense ion bombardment of surfaces can be achieved under particular

conditions, which lead into the regime known as “reactive ion etching"

—- 118~



(RIF.).1 The terminology RIE is somewhat misleading because the chemical
nature of the ions are of secondary importance, the relevant effect being
the interplay between energy transferred by ion impact and reactions
occurring between substrate and uncharged reactive radicals and atoms. At
relatively high pressure and high frequency, ion energies are low, surface
damage is minimal, and anisotropy, when observed, is caused by the presence
of recombinants (see Sec. 3.2 on models). Anisotropic etching of Si in
plasmas of Cf,-C,F¢ mixtures at 13,6 MHz and 5-30 Pa pressure is an example
of a case of low energy 1‘ons.1 At relatively low pressure (<5 Pa) or high
pressure and low frequency, ion energies are high (a few hundred eV) and
surface damage-induced anisotropy may be produced. Etching of Si in CLy
plasmas at 100 KHz-13 MHz and 3 Pa is an example of the high energy ions
case.1 Reiatively low energy ion bombardment (<50 eV) can also lead to
anisotropic etching in certain plasmas due to the formation of a protective
film on vertical surfaces of patterns that receive little ion bombardment

89). Intermediate pressures and high applied

(inhibiter mechanism
frequencies provide conditions that favour this mechanisn.

Several diagnostic techniques have been developed to detect and
characterize short-lived ions, neutrals and free radicals, as well as stable
reaction products in the plasma, in order to relate them to ion-assisted
etching mec~hanisms.1 These techniques include mass spectrometry, optical
diagnostic methods for monitoring species 1in excited states, and
laser-induced fluorescence.

Figure 9 shows, as an example, results related to one of the early

observations of ion;-assisted etching of semiconduc;tot's«9 $i samples were

irradiated with Art (450 eV) ions and exposed to a XeFa flux of ~2x10%°

~
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molecules/s, in such a way that both species impacted the surface both
independentiy and simultaneously. The etch rate was determined by measuring
the frequency change of a quartz crystal microbalance (on which Si was
deposﬁted); this is a very sensitive technique for measuring sputtering

89-31  aAr+ jons were used in- order to eliminate any chemical

yield.
contribution from the ions, and also to utilize the high sputtering yield
characteristics of Art for keeping the surface dynamically clean during the
experiments.9 The erosion enhancement due to combined bombardment by Art
ions and XeF, is clearly demonstrated by the fact that the etch rate is
about eight times the sum of the etch rates due to each species measured
separately (Fig. 9). The transient peak response of the etch rate
immediately following the initiation of Ar* bombardment (200s < t < 300s)
was attributed in part to some ion-induced strains and/or temperature
excursions in the quartz crystal which may affect the resonance frequency,
and in part to a decrease in the steady state surface coverage of fluorine

6,16,17 related to the

caused by the Ar* bombardment. However, new results,
H-C system, indicate that transient effects, similar to those in Fig. 9, may
be due to ion-induced activation of surfaces. Therefore, an alternative
interpretation of the transient in Fig. 9 may warrant some consideration.
The transient fall-off observed after shutting-off the XeF, gas (640s < t <
750s) wes attributed to the fact that it was not possible to decrease the
XeF, gas flow instantaneously to zero, and consequentiy, the transient

9 while the flux was

resulted from the spontaneous reaction of XeF, with Si
decaying.

Similar ion-enhanced chemistry has been observed for F, on Si, F, on
C, C&, on Si, and 0, on C.7 These systems are interesting because it

appears that there is no spontaneous reaction between md>lecular species
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(without the presence of ions) and materials as indicated above. Etching
rates have consistently been below detectable limits (< 0.1 R/min).9
Therefore the etching is mainly due to ion-enhanced chemistry. Figure 10
shows, as an example, the etching rate vs time behavior (similar for all
systems mentioned above) for Cf, + Ar*ton Si. The initial drop in etching
when C2, is added to Ar* bombardment, was attributed to an excess of Cf,
adsorption which exceeded the etching process for a short period of time
causing the Si sample to gain mass. The etch rate increased later by a
factor of four over that due to Ar* bombardment alone. The etch rate
dropped to zero almost instantaneously, although not shown in Fig. 9, when
the Ar* beam was turned off; this was due to the fact that C1, does not etch
Si.

92 the effect of the collision cascade on ion-enhanced

In other work,
gas-surface chemistry was studied by changing the mass of the incident ions ‘
(He*, Ne*, and Ar*) at a fixed energy (1 keV). Two systems were analyzed,
namely, Si-F and Si-C, which differ in that Si is spontaneously etched at
room temperature by XeF,, whereas there is no observabie etching of Si in
Ci, at room temperature. The experimental procedure used to study both
systems involved the simultaneous and individual bombardment of samples by 1
keV ions and a flow of active gas through a stainless steel tube, directed
onto the surface, Figure 11 shows, as an example, the erosion enhancement
in Si simultaneously bombarded by Ne* (1 keV) and XeF,. Similar curves were
obtained for Si bombarded by Ne* + Ci,, except that, because Ci, does not
spontaneously etch Si at room temperature, curve (b) in Fig. 11 was zero for

the C2,-Si case. Figures 12a and b show the ion mass effect in ion-enhanced

erosion of Si for both the Si-XeF, and the Si-Ci,; systems, respectively.
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The implication of these results will be analvzed in the models section to
follow.

The simultaneous interaction of ions and reactive species with
surf;ces does not always lead to an enhanced erosion. It has been observed
that reactive gases that fomm involatile compounds actually decrease the
ion-ifiduced sputtering yield of materials with which they react. These
effects have been observed in semiconductors bombarded by ions in the
presence of gases such as 0, for instance. The Si-Ar*-0, system is an

9 Work is

example of ion/reactive gas-induced reduction in sputtering yield.
currently in progress in order to better understand this phenomenon.

(b) Fusion Materials (Carbon)

Ion-induced synergistic effects of interest in erosion of fusion
materials are related mainly to simultaneous bombardment of carbonaceous
materials by energetic hydrogenic (H*, D*, T*) and impurity ions and Tow
energy hydrogeric atoms (H?, DO, TO), Clear evidence for the existence of
ion-induced enhancement, in the erocicii of carbon, was first obtained by

Vietzke et al.16

in experiments involving the simultaneous bombardment of
pyrolytic graphite by Ar* (5 keV) ions and sub-eV H? atoms, prodiced by
dissociation of H, in a hot W tube and delivered as a narrow beam onto the
target surface. Figure 13 shows the temperature dependence of the reaction
probability for the HO/Ar* irradiation with an intensity ratio of HO/Art =
1500 (1.6x1016 HO/cm2s and 1.1x1013 Ar*/cm2s).6 At this relatively low ion
intensity the reaction probability was observed to increase by a factor of
50 over that corresponding to sub-eV HC bombardment alone. A noteworthy
feature of this result is that CH; species evolving from the surface were
observed to be more abundant than CH, ones. This difference was detectable

due to the particular experimental arrangement used, in which a quadrupole
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mass spectrometer was positioned near and looking at the target surface.
Other results obtained by Yamada and Sone93 have shown a Tower limit of
3x10~2 CHH/H° for the erosion rate of graphite due to simultaneous impact by
HO atoms and H* ions,

More recently, the Toronto group performed systematic experiments17
related to H¥/HO-induced synergistic effects on graphite. These involved
the bombardment of pyrolytic graphite17 by H* ions (60-5000 eV) and sub-eV
HO atoms, the latter produced by H, dissociation on a hot W filament facing
the sample. This particular technique, well described elsewhere,22 entails
the presence of H, (~4x10~* torr) in the target chamber, and hence the
simultaneous presence of H, and HO in contact with the surface during HY jon
bombardment. A typical sequence of events and the corresponding temporal
behavior of the methane (monitored through mass 15) signal is shown in Fig.
14, The quadrupole used to monitor mass 15 was not in line of sight to the
target but acted as an RGA. The shape and level of the CH, signal due to HO
exposure alone is consistent with previous findings (see Ref. 22 and Section
2,1<b of this review for detailed explanation). The gradual temporal
increase of the CH, signal, from the initiation of the H*/HO bombardment,
towards a higher steady state level may be interpreted as an indication of a
damage-related mechanism for the synergistic effect, consistent with a
build-up of ion-induced surface damage towards a steady state level (see
discussions in Sec. 3.2 on models). The decay of the CH, signal towards a
residual level, by exposure to HY alone, after turning off the H* jons, is a
clear indication of the existence of an ion-induced activation effect, as
previously discussed in Section 2.1.b of this review. This effect has also

been observed by Veprek et al (see Fig. 3 of Ref. 8l). Further evidence of

this effect can be found elsewhere (see Fig. 7 of Ref. 6, and Ref.
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38) where the effect of sample deactivation by exposure to H® zione, after

+
an ion(H* or Ar' ) + H° bombardment,was shown to result in a reduction of 034 signals.

17 for

'The significance of the Toronto Group's H*/HO synergism findings
fusion applications is manifested in Fig. 15, This figure illustrates the
CH, yield enhancement, as a function of. H* flux (with the HO flux density
being kept constant at ~6x101* HO/cm2s and H, pressure kept at 4x10~% Torr)
for 300 eV protons, at graphite temperatures of 750-800K, this being the
temperature for which maximum production of methane is generally observed.
Yields due to bombardment by H* ions alene in vacuum, HO alone, H*+H,, and
H*#HO0+4, are shown. The ratio of the (H*+HO#i,) yield to the (H*+#,) yield )
is about 2 when the H* and HO flux densities are about the same (6x101%cm2s
or ~20 pAH*)., This implies that for equal numbers of H? and H*, in the
presence of H,, the HO atoms are "upgraded" to H* ijon efficiency for the
production of CH,. If the relative H* flux density is increased, a slight
decrease and subsequent levelling-off in the yield ratio is observed for the
flux levels st:w:ﬁe«:i.17 On the other hand, a monotonic increase in the yield
ratio is observed as the relative H* flux density decreases. This implies
that small ‘quantities of H¥ jons are sufficient to increase the carbon
reactivity, probably by some damage-related mechanism, leading to enhanced
CH, formation via carbon reaction with sub-eV HO atoms. For example, an ion
flux of only 10% of the HO flux appears to be sufficient to increase the CH,
production by all HO atoms to ion efficiency levels. VYields of the order of
0.2-0.4 CH/H* (in the presence of H, at ~4xi0=" Torr and a fixed HO flux of
~6x10! 409/cm2s) have been measured for carbon at 750-800K over an H* flux
range of 3x10!3 to 1015 ﬂ*’/cmzs.17 These yields are close to yields (~0.3)

calculated from erosion measurements on heavily etched carbon probes exposed

to r.f. discharges in the PLT device, which appear to be explainable only if
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19 94

synergistic effects are considered. Other measurements” of carbon
erosion due to H™+H? bombardment resulted in much lower erosion yields than
those mentioned-- above.  This discrepancy may be due to the fact that
different experimental parameters were used. Further work is therefore
necessary to explain this inconsistency.

- A further series of experiments, aimed at checking the "ion-induced

6,22,81 were also per-formed.17 The experimental process

damage" hypothesis,
involved an-initial bombardment of the sample with ions for a certain period
of time at a particular H* flux, which was then followed by exposing the
sample -to HO atoms. The CH, signal temporal evoiution was characterized by
an initial transient peak, similar to the one observed in the case of the
temperature-induced activation phenomenon (see inset of Fig. 4). This
effect correlates with the hypothesis that ion-induced damage sitesﬁ’zz’a1
may enhance the graphite reactivity which is subsequently reduced by
reactions with H? atoms. The initial value of CH, production due to HO
atoms (the transient peak), but normalized by the "damage-inducing" H* flux,
is plotted as a funtion of the H* flux in Fig. 15. It can be seen that the
synergistic CH, yields. due to H°+H"‘+H2 bombardment are approximately equal
to the sum of the CH, yields for H++H52 irradiation and that corresponding to
HO exposure after H*-induced "activation". This indicates that the
ion-induced damage may produce similar increases in carbon reactivity for
both sequential and simultaneous H* and HO exposure processes. In fact,
Veprek et al.'sal results constitute good evidence in support of the damage
related mechanism. They used He* ions for damaging the samples, therefore
precluding the occurreice of chemical effects, as may be the case when
bombarding with H* jons (creation of active sites by precursor formation).

95

However, Vietzke et al,” do not observe ion-induced activation when
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bombarding sequentially with® Ar* dons and H® -atoms. Furthe: work is
therefore necessary to c1ar1fy this discrepancy.

Additional effects observed in H*+HO#H, interactions with carbon
relate to synergistic CH, yields vs target temperature dépen‘dence..u Figure
16 shows, for example that the temperature for which CH, production is
maximum seems to depend weakly on proton energy. Figure 17 shows a more
extensive study of the energy dependence of synergistic CH, production, for
which tha HO flux was kept constant at ~6x101% HO/cm2s. It can be seen that
for the highest H¥ flux used (~1015 H*/cm2s), the CH, production falls
monotonically as the energy increases from 300 eV to 5000 eV. This flux
level was not achieved for <300 eV H* energy. For the lower fluxes,
however, the. energy range was extended to 70 eV (little difference was
observed in yields at 70 eV and 100 V), and a defiuite fall-off at both the
low and high energies was observed. Although shallow, a maximum appears to
exist between 300 and 2000 eV. If the ijon-induced damage hypothesis
proposed to explain the observed synergism is indeed correct, then an energy
dependence similar to that observed in Fig. 17 may in principie be
explicable. Other experimental results seem to confirm the damage related
hypot‘.tftesis.6 In fact, measurements of carbon reactivity under X*+HO
bombardment (X* = Ar*, Net, Het) as a function of energy of the X* ions
indicate that the reactivity follows qualitatively a behaviour similar to
the nuclear stopping power.6

Recent experiments performed by Vietzke et al .6’ 18 produced information
relevant to the understanding of the synergistic effects in the erosion of
carbon. One of the main results relates to -experiments ‘in which a

change-over of hydrogenic species was performed. Carbon surfaces were

bombarded simultaneously by Ar* and HO species, followed by a 100s period
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without irradiation. The reactivity of the sample when exposed to DO atoms
was subsequently determined. It was observed that CH,D and CHD, are formed
instead of CH; which would appear if the prepared surface was exposed to HO
instead of D®, Similar change-over experiments, although performed for

96

retention studies by Ashida et al.” support the results mentioned above,

‘which favour the precursor formation mechanism proposed to expiain

6,18 as will be discussed below,.

synergism,

Again, in fusion materials (other than carbonaceous), as in the case
of semiconductor materials, ion bombardment of materials in the presence of
reactive species may lead to a reduced erosion. It has been observed that
metals bombarded by ions, in the presence of reactive gases which form
non-volatile compounds, exhibit reduced sputtering yields. This effect has
been observed for several systems (Ref. 97 and references therein) including
N, 0,, H, on Ti with simultaneous Ar* bombardment and He*, D¥, H* on Fe
(see Fig. 18 and Refs. 98-100), which may be of direct interest to fusion
applicatioqs.

Mechanisms proposed to explain many of the experimental observations

described previously will be discussed in the next section.

3.1 Models for Ion-Induced Synergism

(a) Semiconductors

Three mechanisms have been proposed to account for the ion-enhanced
chemical reactions that lead to enhanced etching:

(1) The first one, called chemically enhanced physical sputtering,

was proposed by Mauer et al.m1 Their main hypothesis was that

Sin radicals, for example, on the fluorinated Si surface have a

larger sputtering yield than elemental Si, presumably due to a
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(i1)

(ii1)

lfower binding energy. Therefore, - enhanced -.etching is a
consequence of an increased physical sputtering yield.

A second mechanism, originally suggested by Coburn et a]? and
later expanded by Flamm and Donne11y40 suggests that enhanced
chemical reactions can be produced by ion-induced damage, such
that highly active sites are .created in the lattice, presumably
due to displacement of atoms and breaking of bonds.

The third mechanism has been proposed more recently by Winters et
al] who suggest that the most 1ikely mechanism to dominate in
many situations is analogous to those operating in oxidation.
Briefly, oxidation may involve electrons passing through an oxide
film (e.g., by tunnelling) to the outer chemisorbed layer to form
oxygen anions with metal cations being produced at the
metal-oxide interface. The strong electric field generated by
this process is able to pull ions through the fiilm. Fehner and

Mottsz

have proposed that this can best be explained by a place
exchange mechanism, i.e,, metal and oxygen ions exchange
positions in the lattice. The analogue mechanism proposed by
Winters et alz to account for ion-induced enhanced etching in
some semiconductors, implies that place exchange and more
extended field-enhanced motion of cations and/or anions leads to
compound formation. If these compounds consist of molecules
(e.g., saturated halocarbons) which are weakly bound to the
surface, then they will subsequently desorb into the gas phase.
The activation energy for the motion of cations and/or anions can

in princiﬁle be also supplied by the ion-induced collision

cascade.
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The - mechanisms described above have been proposed mainly on
phenomenological bases. Perhaps, the only mechanism for which some attempt
at quantification has been made is the jon-induced damage one. Donnelly et
a1.102 have recently dev'el‘oped a formalism which allows calculation of some
ion-enhanced etching rates for Si0, films. The etching mechanism in this

case can be described by the following reactions:

+ . in X

AT+ S‘02(sur'1") M $102(surf) (1)
At + Si02(guns) * P (2)
F o+ sngsurf) > P (3)
Fro+Si0ycunsy > P (4)

where A* is a positive ion, Sio2(surf) represents a stable fluorinated
*
surface at steady state, SiOZ(surf) describes the ion-damaged surface, and P
accounts for product molecules wtn‘ch desorb rapidly. Reaction (4)
corresponds to physical sputtering, while (3) represents chemical (e.g.,
isotropic) etching by fluorine atoms at a rate given by“
R(A/min) = 6.14 x10713n.T1/2 exp(-E,_/KT) (5)

with

Ea = 0,163 eV, < 2x1015 F/cm3  and T = 40°C,

n
F
Reaction probabilities eF(SiOZ*) and eF(S1'02) are defined as the number of
Si0, molecules leaving the surface per incident F atom for damaged and
undamaged material, respectively. Considering that only a fraction 6 of the

surface, which has been damaged, exhibits enhanced reactivity, the total

etch rate (molecules/cm2s) can be written asm"2
- n_v
dP _ F'F -
& = 9s9s * 7 [er(sio,")® * Sr(sioy)(1-9)] (6)

where J+ is tha ion flux, ¢_ is the number of SiO; molecules removed per

S
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incident ion, and n, V’/4 is the F atom impingement rate. At steady state

the fraction of damaged surface-is constant, y%elding1q%

d[$i0 | TR o
: [ 2’('surf)} = Jst(1-0) - N i3 2, 8= 0 (7)

where J+¢d is an eff1c1ency factor for reaction (1). Solving for 0 and

substituting into Eq. (6), gives the erosion yleld

dP _ neVe 1+ €F¢s102)"ﬁvh/(9{0*¢d)

11+ eF(S 0 *)"' 'V /(4J+¢d)

where J4¢, is assumed constant. For the limit where n. < 1x10'%F/cm3, Eq.

(8) reduces to

4P VFEF(SiOZ*)
3? = J+¢S + .} ’ - (9)

Equation (9) was used to calculate the ion-enhanced etch rate of Si0, in a

CF,/0, plasma. The calculated sputtering rate was 190 * 120 R/min, which

102

should be compared with the experimental value of 100 ﬂ/min. The higher

value of 190 R/min could be due, according to Donnelly et 31.102

sputtered material redeposition suppression which may normally occur in
plasmas of higher densities than the one used for the experiment described
above. Further details on this mechanism can be found in a communication by

Donnelly et a].lo2

Figure 19 illustrates the mechanism of surface-damage
enhanced erosion which may lead to anisotropic etching, a feature desirable

in many applications in microelectronics.
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Still. another mechanism invoiving rearrangement of bonds has been

proposed recently,103

mainly in relation to the (XeF,-Si) and (Cz,-Si)
systems. The model is based on two main hypotheses for the enhancement
mechanism:

(1) dions excite SiF, (SiCi,) molecules formed on the surface,56 and

(2) the excited state of the surface is assumed to have an average

lifetime <.

While in the excited state, the molecules may react with the physisorbed gas
on the surface with higher reaction probability than the non-excited
molecuies, leading to an ion-enhanced etch rate. A formalism was developed
in an attempt to quantify the model. However, some of the hypotheses are
debatable, and some mathematical inaccuracies have been detected.
Therefore, no further discussion of this model w'll be presented here.

7 evidence has been presented which suggests that the

In other work,
lattice damage mechanism is unimportant at least for the F-Si system. The
authors recognized, however, that the damage mechanism may very well be
relevant for other cases, one of which may be Si0,, as described previously.
The evidence obtained by Winters et al? relates to measurements of the
erosion yield of a Si film damaged by 2000 eV Ar* ions. The 20-40 R damaged

layer was exposed to XeF, which resulted in an etch rate characteristic of

the spontaneous etch r normally obgerved on und However, recent experi-
gents b{ Winters et aliﬁ?a Indicate thar amage-—er aﬁ%gﬁ g%bsion may occur in gome
i samples.It is not clear at present the reason for this random bega

Winters et a17 pointed out that many experimental results suggest that

vior.

both physical sputtering and chemical erosion mechanisms are present in

various etching environments; physical sputtering having the well known

104

meaning established by-Sigmund, and chemical erosion being interpreted as

the process whereby ion bombardment induces chemical reactions producing

weakly bound molecules which are subsequently desorbed.53 The "recombinant"
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or "clearing" mechanism for anisotropic etching (see Fig. 20) proposed53 to

explain reactivity of XeF, with Si subjected to simultaneous Ar* bombardment
may involve sputtering of recombinant radicals adsorbed on the surface. The.
incident ions are believed to sputter or "clear" fluoride product species
from the surface and leave "bare" areas with which XeF, is more reactive.
A]though it is doubful according to Donnelly et 31’102 that this

could lead to anisotropic etching of Si in a plasma when F atoms are the
predominant etchant,66 such a "clearing" mechanism could conceivably explain
anisotropic etching of Si0, in F atom-generating plasmas. OConnelly et al

102 a formalism to calculate etch rates based on this

recently developed

mechanism. However, for large ion-induced enhancements they obtained an

equation similar to Eq. (8) where ¢d and eF(SiOZ*) are replaced by ¢c

(number of product molecules removed per incident ion) and €sc (sticking

coefficient for F atoms on a "clear" $i0, surface), respectively. Although

neither of the "damage" or "clearing" mechanisms can be rejected, there is
some evidence in support of the damage hypothesis.102

Obviously, if both physical sputtering and chemical erosion are
involved in ion-induced synergistic effects, parameters fundamental to these
processes will be important. Some of the more relevant processes
investigated in detail include:

(1) Sputter yields in the presence and absence of an active gas: Winters et
alz concluded, after a detailed analysis of various systems, that the
rate of physical sputtering always drops in the presence of chemically
active gases, and whenever the latter causes an ion-induced etch rate to

be strongly enchanced, then mechanisms in addition to physical

sputtering are probably operative.
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(2)

(3)

Mass dependence of yield: Yields (atoms/ion) measured 1in physical
sputtering related experiments depend quite strongly on the mass of the

incident ion, whereas ion-induced etching reactions appear to have a

much smaller mass dependence.

Yields vs. ion angle of incidence dependence: Physical sputtering is

characterized by yields with a maximum at angles of 60-700 with respect

to the surface normal, a distinctive characteristic of energy deposition

in a narrow region near the surface, while chemical - sputtering is

distinguished by yields which are largest at normal incidence, and

decreases monotonically as the angle increases (see Fig. 8 of Ref. 7).

This result suggests that the etching yield is more sensitive to total
deposited energy rather than to the energy deposited in a narrow region

near the surface.

(4) Velocity of ejected species: Velocity distributions of ejected species from

semiconductor surfaces_have been measured for the XeF5/51102a and Cl15/51102b
systems. A roughly 1/E2 dependence was observed at high energies for SiFj
(indicative of SiF,), 8iF, and SiF (see Fig. 9 of Ref. 7), indicating that
physical sputtering is a contributting mechanism. However, two maxima appear
in the spectrum which correlate with binding energies of 0.1 and 0.5 eV.

These are indicative of weakly bound species which would desorb/, therefore
indicating the existence of other mechanisms additional to physical sputtering.

In relation to the Clp/Si system, recent results by Sanders et a1102b,
involving measurements of kinetic energy distributions of molecular products,
from the reaction Si/Cl2 + Ar+, indicate that more than 90% of them have
energies above thermal values. These results were interpretedlo as an
indication that the mechanism of the ion-bombardment-induced reaction is far
from stimulating the thermal reaction path. Instead, it appears that the main
fraction of the products may result from sputtering102 .

(b) Fusion Materials (Carbon)

The concensus regarding the mechanism for ion-induced synergistic effects

in fusion materials(carbonacecus) erosion appears to be more uniform. All

6, 16 - 18

the evidence strongly suggest that ion-induced damage

—-133 -



is the operative mechanism, at least insofar as the best known material
(graphite) 1is concerned. Similar to the semiconductor.case, the models
proposed to date to explain synergism in graphite are .mainly
phenomenological .

Evidence for ion-induced damage in graphite using Raman spectroscopy,

was obtained by Wright et a1.63

The spectra they observed for ion bombarded
(fluence of ~2x101% D*/cm2) graphite was characteristic of broad
structureless bonds. " After sample annealing at 1300K the Raman structure
characteristic of a microcrystalline structure was partially recovered.
This observation, together with observed decreases in CH, production levels

after annealing damaged graphite’sals'la

is indicative of a possible C-H
bond breaking.process which may help to promote movement of vacancies and
interstitials leading to anneaHng.6 ﬁonsidering that no significant
enhancement in the erosion of graphite is observed when the sample is
bombarded simultaneously by HO atoms and electrons (see next section), while
ions produce a large enhancement, it can be concluded that collisional
energy transfer to the carbon lattice is mainly responsible for theVénhanced

strong
reactivity rather than any electronic excitation. Recent results obtained

by Vietzke et al?

seem to confirm the previcus assumption. They measured
the reactivity in the HO/X*-C reaction as a function of energy of the
energetic ions, and found that the reaction probability from 1 keV to 5 keV
rises for Ar*, slightly rises for Net and falls for He* bombardment.6 Based
on these results Vietzke et a]s proposed that the reaction proceeds
stepwise, such that a fast reaction between H* jons and H% on the surface

produces precursors (CH, CH,) which are stable up to ~1200K. This fast
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18

reacticn is the real synergistic effect. In a second step these

precursors can react with additional H? atoms forming CH; which Teaves the
surface.18
Additional evidence in favour of the precursor formation model is that

6, 18,3 described in Section

related to the H9/DC change-over experiments
3.1(b). This precursor formation mechanism is similar to the one suggested
by the Toronto group as a possible explanation of temperature-induced
activation of graphite72 (see Section 2,1{b) of this review). Other results
related to CH,.production as a function of H* ion energy, obtained
receni:]arv,l-7 support the ion-induced mechanism.

Data obtained to date strongly support the ion-induced damage
mechanism as the most logical to explain ion-induced synergistic effects in
graphite erosion. However, further work 1is necessary, particularly
measurementé of CH, yields as a function of angle of incidence of bombarding
species, and velocity distributions of volatile products. Such experiments

would greatly assist in achieving a better understanding of the details of

synergistic effects.

4,0 ELECTRON-INDUCED SYNERGISTIC EFFECTS

Combined bombardment of materials by ions (reactives or inert) and
reactive sub-eV atoms has produced "substantial" synergistic effects, as
discussed 1in the previous section, for both semiconductor and fusion
materials. Electron-induced synergistic effects, by contrast, appear to
influence erosion of semiconductor and fusion materials in different ways.
Unfortunately, the state of understanding of electron-induced synergisms is
not as well developed as is its counterpart for ions. Only phenomenological

interpretations of the experimental results have been attempted so far.



(a) Semiconductor Materials

The: most interesting system, both technologically and from a
"mechanism" viewpoint, is the elecron-stimulated etching of Si0,, SijzN,, and

SiC in the presence of XeF, gas. It has been shown’

that XeF, does not
spontaneously attack Si0,, Si;N, or SiC in the absence of radiation nor does
electron radiaton by itself produce etching. The last statement may not be
generally appalicable to all carbides, nor to all such compounds.produced by
different techniques. In fact, evidence has been presented recentlym5
which suggests that plasma sprayed TiC on Inconel (600) may dissociate under
electron impact. X-ray analyses of irradiated samples have shown the
presence of TiC, Ti and C on surfaces previously characterized as being TiC

only.105 By contrast, TiC chemically-vapour-deposited on POCO graphite has

shown no signs of electron-induced dissocie;tion.105

Other work demonstrated that electron bombardment of Si0,, SizN, and
SiC in the presence of XeF, produced etching at appreciable rates, in such a
way that erosion occurred only on the area of the sample which was subjected
to electron bombardment (Ref. 7 and references therein). The behaviour of
the compounds mentioned above was similar (see Fig. 21 for illustrative
purposes). Two different experimental procedures were used to demonstrate
the effect, differing in the sequence by which the surfaces were exposed to
electrons and XeF,. Although substantial,the etch rate observed in Fig. 21
is smaller than those produced by plasma etching of the same materials (etch
rates above 1600 ﬂ/min have been reacdily achieved), where the enhanced
erosion is attributed mainly to-ions.40

Auger spectra of SiO,, Si3N, and SiC surfaces taken during exposure to
XeF, indicated that fluorine was present on the surface,9 while no Xe was

detected on it. This result suggested that the rate limiting step in these
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systems was the formation of SiF, volatile molecules. Therefore, it seemed
reasonable to assume that electron-stimulated etching was a result of
electrons helping F atoms to react with these compounds to form SiF .
Since F does not react with them spontaneously, it has been suggested that a
possible mechanism for the observed electron-enhanced erosion relates to the
ability of electrons to dissociate these compounds, producing elemental Si
on the surface which can be readily removed by XeF, with which Si reacts
spontaneously. It is known, for example, that Si0, films can be dissociated
by electron bombardment to produce elemental Si on the surface of such

fi]ms.106’107 The electron impact may break the Si-0 bond,107

allowing
oxygen to evaporate as 0,.

Electron bombardment, on the other hand, may enhance surface chemical
reactivity for film deposition, opposite to etching. It has been shown for
example that carbon deposition may pe produced on metallic films under
electron irradiation in the presence of hydrocarbon vapours.108 This effect
may be due to radiation-enhanced gas-surface chemistry leading to
non-volatile products, and may be used advantageously to solve a large
number of device fabrication problems in microeiectrenics. Additionally, it
has been shown that electron bombardment can enhance oxidation of

109,110 a process widely applied in

semiconductors, in particular Si,
microelectronics technolegy, although the basic mechnanisms are not well
understood yet.

(b) Fusion Materials (Carbon)

Electron-induced synergistic effects relevant to fusion aplications
relate, mainly, to the erosion of carbonaceous materials (graphite, and
compounds such as SiC, T1iC, etc) when bombarded simultaneously by electrons

and low-energy hydrogenic atoms. The existence of a "substantial"
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electron-induced synergistic effect in the production of methane has béen ‘a

matter of some controversy. One set of“stiudies*ln"n‘3

(A) has shown“what
appeared to be a strong enhancement of CH, yields (~20-fold over the yields
due to HO bombardment alone), as a result of electron impact on carbon of
111-113 A

(B) and "third set“s’16 (C) of studies have shown, by

various types. VYie¢lds as high as 0.1 CH, /e have been reported.

"Second" 70, 114, 115

contrast, refatively small enhancements with an upper limit of ~50%-100%.

In the A studies, data related to the apparently strong effect111-113

were obtained by using the backfilling technique, i.e., H? atoms were

generated by H, dissociation on a hot W fi]ament116 located together with

the carbon sample in a high vacuum chamber filled with H, at pressures
ranging from 1.3x10"6 to 6.5x10"* Pa. Methane evolving from the target was
detected by wusing a quadrupole mass spectrometer in the RGA moda.
Preparation procedures for samples (bake-out history, cleaning, etc) were
generally not reported, and H® fluxes were estimated from Hickmott's

116

resuits (not measured for the particular experiments) to be ~1015

HO/cm2s. Electrons of 40 to 600 eV energy with fluxes of ~1013 e/cm?s were

used for 1rrad1ation.111'113

In the B,studies data related to the observation of a relatively small

electron-induced enhancement in CH, production were obtained by also using

70,114,115 o wever, systematic experimental

the backfilling technique.
procedures for sample preparation and characterization, as well as for
conditioning sf the UHV system used in the experiments, were

70,114,115

followed. These precautions were taken because of the

identification of spurious methane signals that could be confused with those
due to a true synergiétic effect., It was observed, for example, that

relatively large amounts of CH, can be desorbed from different carbons
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(papyex, pyrolytic giraphite, etc), as received from suppliers, by electron
bombardment alone in vacuum (no HY impact). Methane yields up to 0.0l CH/e

70,114,115 ¢, h spurious methane

were measured under these conditions.
signals might originate from the desorption of H/D complexes and/or
hydrocarbons formed at the surface during desorption of large amounts of
hydrogen alreadyin the samples. The manufacturing processes of many types
of graphite involving prolonged high-temperature heating of carbon in air,
may lead to substantial uptake of H,0 and reactions leading to the inclusion

117 In the B studies, the

of hydrogen, hydrocarbons, and other impurities.
samples and system were baked at temperatures of 1200-1900K for 1-24 hours,
and 500K for 24 hours, respectively; this reduced CH, spurious signals, due
to electron impact alone, to 10~*-10=5 CH,/e.

In the B studies, a second source of spurious signals was identified as
the desorption of CH, from the target chamber and quadrupole walls due to H,
and H® impact on them when backfilling the system. A similar effect has

118,119 gonbardment of the walls with HO

been observed also by other groups.
while keeping the sample hot (~1000K) reduced the CH, background signals
from ~5x10"3 to less than 10~“ CH,/H, when backfilling, and consequently
during experiments. After such stringent conditioning of the vacuum system,
methane production was approximately doubled during H0 + e~ bombardment over
the case of HO exposure alone. Measured yields varied in the range
10-%-10-3 CH, per electron or per HO for bombarding fluxes of ~1015 HO/cm2s
(as measured in-situ) and ~1016 electrons/s (electron energy: 100-500
eV).m’lU—"115 H, backfill pressures of about 5x10~2 Pa were necessary to

22,70

produce the HO fluxes mentioned above. According to these

70,114,115 4 1o backfilling technique can only be used reliably in

experiments
erosion studies, if spurious effects are minimized by following stringent

conditioning procedures for the experimental system.
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In the C stud\‘es,s’16

where a small electron-induced synergistic effect
was also observed, the HO was produccd by a beam source. In this way,
sub-eV HO atoms impacted on the carbon.surface after being focussed in a
béam, restricting the simultaneous interaction of H? and electrons (from a
gun) to a confined area, in such a way that the spurious effects mentioned
above were diminished to very small values.

Some experiments performed recent]ylzo’lz1

suggest a possible mechanism
whereby electrons may produce synergistic effects when impacting on graphite
simultaneously with HO, Electrons may excite low energy transitions between
the =n-valence and n-conduction bands producing a highly reactive excited
state that may enhance the HO/C reaction. However, the 1lack of

120,121 on relevant parameters of the experimental method and

111-113

information

some inconsistencies with previous results makes difficult the

analysis of the new data.mo’lz1

In any case, the principal conclusion,
regarding the use of graphite in fusion device environments, is that
electron-induced synergistic effects for methane production appear to be
small and will generally be negligible compared with ion-induced synergism,
at least when considered separately.

There are two questions, however, that may warrant consideration.
Firstly, what would be the level of CH, production for electron-induced
enhancement on graphite loaded with high doses of hydrogenic species as may

occur in a fusion device? Secondly, what would be the effect of electrons

when added to the H*+HO bombarding species?

5.0 PHOTON-INDUCED SYNERGISTIC EFFECTS

(a) Semiconductor Materials

The increasing interest in developing new techniques for processing

electronic materials was responsible for the discovery of ion and electron
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assisted chemical processing of, semiconductors. It was only a matter of
time then until one of the new powerful sources of radiation, i.e., lasers,

11,12,122 yononstrated the

was tested with the same purpose. Early studies
feasibility of photon-enhanced chemical reactions; however, it was only
recently that several groups started research in this field, encouraged by
its potential applications in microelectronics. It has been observed that
laser photons with wavelengths in the range from UV to the infrared could be
readily focussed onto solid surfaces and therefore were well suited for
promoting surface reactions with high spatial resolution. Also, the
monochromacity, the coherence and the high photon flux of the laser 1light

are highly advantageous. Indeed, dry chemical etching,ls(‘-“’d)’14’1‘23-125

124 124,126

doping of semiconductors and chemical-~enhanced vapour depcsition

have been demonstrated. Laser-enhanced electrochemical plating and etching
for the liquid-solid systems have also been reported.127

More recently, work has been directed at acquiring a better
understanding of the various reaction mechanisms involved in nhoton-enhanced
chemical etching; this is the most interesting aspect, in relation to fusion
applications, owing to its relevance in the understanding of possible
similar processes in a fusion device environment. Photons can influence, as
ions and electrons do, any one or all of the steps involved in etching, as
described in the introduction. Therefore, several mechanisms can account
for photon-enhanced chemical reaction effects.l4

(1) Chemizal Etching Activated by Molecular Vibrational Excitation

It has been shown that irradiationWas able to excite reactive molecules

into highly vibrationally excited states and thereby enhance the process of
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dissociative chemisorption and subsequent surface reactions to form volatile

products.14’128

This mechanism was-demonstrated for the Si-SF. system,
where rection occurred only when SF; molecules were vibrationally excited.
It was shown that the surface reaction yield as a function of 1laser
intensity used in the-experiment follows.the relation EY = I35, jindicating
t@at three or more photons were likely to be involved in promoting SF g
molecules into high vibrational levels to overcome the activation barrier
for reaction. Furtﬁermore, it was observed that collisional deactivation of
excited molecules with the gas reduced the lifetime of the excited state,
therefore localizing the excited molecules to a small region just above the

Si surface.

(2) Chemical Etching by Photon-Generated Radicals

Photons can dissociate molecules also to produce reactive radicals
either by multiple photon excitation of the ground electronic state or
single photon photolysis involving excited electronic states. 'This effect
was also observed with the Si-SF; system. The main difference beween this
and the vibrational excitation mechanism 1is that even fluorine atoms
generated several mm away from the surface can still survive collisions with
other ga§ phase molecules and diffuse to the surface for reaction.

(3) Chemical Etching by Photon Excitation of Solids

Surface reactions can 21so be induced by the solid excitation alone.
This effect has been observed in the interactions of XeF, gas with Si, sio,
Ta and Te films. The gas molecules do not absorb the infrared photons in
this case, and the only effect of the radiation is to cause lattice
excitation and heating so that the F atoms landing on the surface can
rearrange to form SiF, molecules which subsequently desorb into the gas

phase.
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It is not known at the moment whether some or all of these phenomena
occur in a fusion device environment in such a way as to stimulate chemistry
between hydrogen and impurity molecules and/or afoms and carbonaceous
surfaces. However, the possibility exists and may warrant scme
investigation.

(b) Fusion Materials (carbon)
120,121

Recent work has shown that CH, evolves from carbon samples
(papyex) when these are bombarded simultaneously by UV photons, from a high
pressure Hg arc lamp, and supposedly, sub-eV HO atoms. There is some
uncertainty, however, as to tne actual H? fluxes used in the experiments

120,121 and information

since they are not indicated in the written reports
on relevant experimental parameters is not presented. A mechanism similar
to that described for electron-induced synergism in carbon (see Sec. 4b) has

120,121 to explain the photon-induced enhancement of carbon

been proposed
erosion. Again, the lack of vital information makes the analysis of the

data difficult,

6.0 CONCLUSIONS

Research performed to date, directed at obtaining a better
understanding of plasma-surface interaction phenomena, has shown again the
importance of interdisciplinary activity in science. Phenomena occurring in
two different fields of science, such as microelectronics fabrication and
fusion technology, may relate to common physical mechanisms, suggesting that
an improved interdisciplinary focus may be beneficial. It has been
indicated in this review that similar chemistry may operate in reactions
involving different gaseous environments and materials. Chemical erosion

phenomena, the subject of major interest in this review, may be highly

- 143 -



beneficial in semiconductor technology or detrimental in fusion technology,
depending on the particular circumstances.

General mechanisms for erosion processes of semiconductors (Si for
example) and fusion materials (graphite for example) may be very similar, as
shown in studies related to the formation of SiF, and CH,, respectively.
These studies indicated that precursor formation [Si Fx'(x =1, 2, 3) or CH,
(x =1, 2, 3)] méy- be considered as a similar mechanism for both Si and C
erosion in different gaseous environments. However, some differences may
exist regarding, for instance, the temperature dependence of chemical
reactions, and the final species evolving from surfaces, which are
responsible for erosion. Both materials may be eroded by energetic ion
(whether reactive or not) bombardment alone, although some differences may
exist in the mechanisms ultimately responsible for ijon-induced erosion, as
indicated by different evolutions of sputtering yields (the main parameter
in erosion processes) with respect to ion angle of incidence and energy.

Ion-induced synergistic effects have been observed in erosion processes
of both semiconductors and carbon. However, results obtained in research
related to microelectronics suggestthat various mechanisms may be operative
depending on physical parameters; chemically enhanced physical sputtering,
ion damage-induced chemical reaction and chemical sputtering (ion-induced
chemical reaction) have been identified as three of the most 1likely
mechanisms to occur in etching of semiconductors. By contrast, work in
fusion technology (related to carbon) has shown that ion-induced damage may
explain most of the effects observed in ion-induced synergism.

The implications of the existence of these effects in both
microelectronics fabrication and fusion technology applications are rather

different. Synergism is highly beneficial in the first case permitting
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creation, via etching of semiconductor surfaces, of sophisticated
microelectronic circuits. In fusion, synergistic erosion may have both
desirable and undesirable implications. The creation.of a wall=protecting,
impurity-dominated, radiating edge plasma may be required in fusion devices
and controlled erosion processes could play a useful role. On the other
hand, radiative cooling of the plasma core by impurities is highly
undesirable, as is deterioration of wall structural components by erosion;
in addition, contamination of the DT fuel recycle loop by molecules such as
CT, is undesirable. Further work is necessary to answer several open

questions,
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Fig. 1 Mechanism of Si etching by F atoms.
(I) Concerted reaction breaks bonds, resulting in SiF,(s);
(IT) Concerted reaction results in bound fluorosilicon radicals;
(I1)-(IV) Further fluorination of bound radicals liberates gaseous
Sif,. Experiments were interpreted by the authors of this
mechanism as showing that (I) and (II) are channels of a single,

rate-1imiting branching reaction (Flamm and Donnelly40).
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Fig. 2 Conceptual 1illustration of the mechanism for CH, formation in
sub-eV HO-C interaction. MNotice the competitive reaction channel
leading to HO recombination on-the surface, which results in H,

desorption (Wood and mse47). ' o o oa
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reactivated spectroscopic grade graphite (H, backfilling method).

(F) As E, but deactivated. (I) Balcoch and Olander's data49 ‘on
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47 high pressure-plasma
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Fig. 9 Si etch rate for ion-assisted gas-surface chemistry using Ar* and
XeF, on silicon (volatile reaction product). Art energy: 450 eV;

;:;,A'& current: 0 pA for t < 200s, 2.5 pA for t > 200s; XeF, flow:
2x1015 molecules/s for t < 660s and flow is off for t > 660s. The
. Art ;qugreht. density and the XeF, flux were not uniform over the Si
surface. The ef@g;‘tiy_g{; area for the Art current and the XeF, fiux
were estimated at 0.1 cm? and 0.3 cm?, respectively (Coburn and

wintersg).
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(a) Etch yield of Si as a function of the XeF, flow for-1 keV He*,
Ne*, and Art., A1l curves were obtained by subtraction of etch
yields as indicated in Fig. 11. (b) Same as (a) for the Si-C%,
system. Notice the different yields for both systems (Gerlach-

Meyer et al .92) .
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Fig. 13
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Temperature depéndence of reaction probability (molecules/incident
H9-atom) for mass ;5 (CHy), mass 16 (CH,) and C, compounds (mass
26) by simultaneous HO-atom/Ar*-ion (5 keV) irradiation of
graphite. The CH, peak at 800 K is uncertain due to possible
recombination of the CH; radical with the walls and the limited

pumping speed of the ionizer (Vietzke et a]f).
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of H, for two . H* energies. © 300 eV and A 100 eV. The
corresponding yields for H¥ and H, (i.e., no H°) are also shown:
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Energy dependence of "synergistic" methane production from carbon
(at 750-800K) for three H* fluxes: @ 1.1x10!5 H*/cm2s, A 2x10l%
H*/cm?s, B 10" H*/cm2s. For all cases the HO flux was ~6x101%

H9/cm2s and PH2 ~4x10~* Torr (Haasz et a1%7 .
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Fig. 18
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Dependence of the sputtering of Ti and Fe by Ar, He, H and D on the

partial pressure of reactive atoms (Refs. 97-99).
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ABSTRACT

Preceded by an introduction to nomenclature, an overview is given of the
session on "Surface Composition and Desorption" at the Workshop on *Syner-
gistic Effects in Surface Phenomena Related To Plasma-Wall Interactions",
Nagoya, 1984. This summary of conclusions and highlights is interspersed

with personal remarks and supplemented with additional references to

relevant work in this field.

*)EURATOM Association
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INTRODUCTION

Surface composition and structure of first wall components in plasma
machines will undergo substantial changes owing to a variety of phenomena
initiated by energetic particle bombardment, quantum radiation, and phonon
generation in the near-surface lattice. These phenomena are atomic reloca-

tion processes, thermally activated processes, and sorption/desorption.

Atomic relocation processes are caused by either or both the interaction of

energetic primary particles with target atoms (i.e. primary recoils), and
interactions of higher generation recoils, so-called cascade recoils.
Relocation processes may occur into the vacuum in which case the process is
referred to as (physical) sputtering, or into deeper regions cf the solid,
so-called recoil implantation /10/. In fusion-relevant plasmas the slowing
down of hydrogen nuclei is the most frequent interaction and in this case
primary recoils play the dominant role /11/. With heavier particles such as
C-, N=, O impurities cascade recoils must also be taken into account. Owing
to their substantially larger nuclear interaction cross section, reloca-
tions by impurities are more effective by two to four orders of magnitude,
thus balancing their deficiency in flux density. It is still an open
question whether and when plasma or impurity particles play the dominant

role in present day magnetic confinement systems.

Thermally activated processes pertinent in this context are diffusion,

segregation, and sublimation/evaporation. Since the fundamental process of
these phenomena is point defect generation and migration, additional pro-
duction of vacancies and interstitial atoms by energetic nuclear collisions

generally has a strong influence on the reaction rates.
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Sorption and desorption processes are governed by the vacuum environment,

the surface reactivity and the aforementioned two processes. Desorption of
surface atoms may be of thermal origin or particle induced. In the latter

case this can be plain sputtering of surface layers or - as in the case of
electron~induced desorption - the transition from a bonding to an anti-

bonding state followed by repulsion.

In the same way as these processes change the compositigg of the near-
surface region, this modified composition may have an influence on syn-
acting processes. For instance, sorption of reactive gases on metal sur-
faces changes the sputtering yield approximately inversely to the sublima-
tion energy. This in turn results in temperature-dependent sputtering
yields when volatiie compounds are formed; see, for instance contributions
/3/, /6/, and Saidoh's contribution in Session 3. Such an interplay between
different phencmena (A,B,C...) on a given effect ¢ 1is likely to give rise

to a synergistic effect, that is when the combined effect ¢(A+B) deviates

from the sun of the partial effects, e(A) , «(B)-
e(A+B) o e(R) + <(B).

In this definition synergism is synonymous with nonlinearity.

In the following the phenomena and effects discussed in the session on
effects related to surface composition will be put together. The backbone
of this session was a series of nine oral contributions, listed as entries
/1/ to /9/ in the References. In the Summary Session, the present author
discussed the highlights .and gave scme personal estimates of the magnitude
and relevance of synergistic effects to be expected in plasma surface

interaction (PSI).
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EFFECTS. RELATED TO DIFFUSION AND SEGREGATION

The profound influence. of energetic particle bombardment on the transport
of matter in solids by way of collisional relocation and radiation-enhanced
diffusion was discussed by A.R. Krauss /2/ in the case of a dilute copper-
1ithiun. (approx. 3 at %) alloy. The idea behind this project, suggested
several years ago /12/, is that lithium segregates at the surface and
thereby protects the copper matrix from being sputtered; the driving force
in this process is minimization of the free (surface) energy, also referred
to as Gibbsian segregation. Recent results of computer simulations were
shown which demonstrate the effectiveness of this process. The Cu self-
sputtering yield exceeds unity, i.e. reaches a precarious run-away situa-
tion, at energies as high as 1.5 keV - as opposed to 340 eV without Li
segregation (TRIM simulation). Moreover, lithium, when released from the
surface, is not only much less harmful to plasma radiation losses and fuel
consunption, it is also predominately ejected as positive ions - as opposed
to almost all metal particles which are generally sputtered as neutral
particles. The electrically charged flux of sputtered particles, however,
can be directed back to the wall by electric (negative bias applied to the
wall) or magnetic means. Fig. 1 shows experimental proof. In this respect,
oxygen - in the form of an oxide /13/ or as sorbed oxygen /i/ - serves the
same purpose: reduction of the partial metal yield and enhancement of the

excited and ionized fraction.

An impressive and for present-day plasma machines highly relevant example
of synacting segregation and sputtering was demonstrated by Morita /3/,
Fig. 2: carbon atoms can diffuse from a carbon or carbide substrate through

a several hundred nm thick nickel layer, segregate as graphite on the sur-
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face and thereby protect Ni from being sputtered; care must be exercised,
however, at higher flux densities of primary particles, where the rates of
sputtering and segregation are about equal. In this intermediate regime: a
volatile Ni-carbide is -formed which results in Ni-sputtering yields larger
than the yield from clean nickel. At even higher flux densities the partial
yiel& drops again, surprisingly to a level lower than that of a pure
nickel, an effect which is not yet fully understood. In view of the wide-
spread use of Inconel, a Ni-base alloy, in plasma machines this result has

a high degree of relevance.

The influence of segregation on sputtering of nickel-base alloys was also
shown by H. Shimizu /5/: Cu-Ni alloys, which have a tendency to Cu-segrega-
tion, clearly show deviations from stoichiometry in the sputtered flux, an
effect which is, furthermore, emission-angle-dependent. On the other hand,
Co-Ni alloys showed no segregation and thus give the same sputtered fluxes
as the surface and bulk composition. High-resolution electron microscopy
furthermore revealed an approximately 10 mm thick amorphous surface layer;
pure metals, on the other hand, generaily do not amorphize upon particle
irradiation, as - is evidenced, for instance, by anisotropic emission from

single crystals.
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EFFECTS RELATED TO SUBLIMATION/EVAPORATION

With pure metals there is generally no synergism for sputtering and subli-
mation /14,15/. The situation is different, however, for the erosion of

oxides and carbides. As exemplified by the peak of the Ni-yield in Fig. 2,
the sputtering yield rises with temperature in cases of volatile compounds

such as Ni3C, W03, MoO3, CHy; see /16/ and Saidoh, Session 3.

There is another effect of high lattice temperatures on sputtering which
should not be overlooked, namely surface morphology. Sputtering at fluences
exceeding 1017 ions/cm2 is generally associated with the development of
surface structures /4, 17-21/. These structures exert a strong influence on
the angular distribution as well as on the total sputtering yield, an ef-
fect which it was suggested could be taken advantage of with first wall
components; honey comb structures and needle-covered surfaces were con-

sidered to reduce erosion, see /22/ and references therein.

The size and shape of these structures depend, however, on the lattice
temperature. Enhanced sufface mobility tends to smoothen surface irregular-
ities on clean targets while it is, according to Ref. 18, a precondition
for cone formation on two- .and multicomponent systems /20/. Thus, there is
the possibility of a true synergistic effect in surface erosion by particle

bombardment and thermal energy by way of surface morphology.

Hasuyama /4/ presented interesting angular distribution measurements
on po'ycrystalline gold. At fluences less than 1016 cm'z, this group found
pronounced over-cosine distributions which changed into the expected cosine

ejection characteristic at fluences exceeding 1017 cm’z. At these fluences,
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the surfaces are no longer as flat as at < 1018 cm’z; they show marked
roughening and the first developing cones. In keeping with the theory given
in Ref. /19/, such surfaces transform ejection characteristics of whatever
form into cosine distributions owing to multiple averaging processes. -
Such experiments are not of pure academic interest, but are also of impor-
tancé in applied plasma wall interaction as they furnish information on the

angle with which neutral particles enter the plasma and thus on the pro-

"jected ionization length.

EFFECTS RELATED TO SORPTION AND DESORPTION

Sorptien of reactive gases on first wall components will always be of
concern in plasma surface interaction since, first of all, hydrogen, the
working gas itself, is chemically active; furthermore, the leak rates re-
quired to avoid monolayer recoverage of cleaned surfaces over several
nours, have not been reached. In machines like ASDEX, PDX and TEXTOR the
recoverage time is in the order of several seconds (p 2 10"7 mbar) . Fur-
thermore, when one visualizes that it takes only some 1020 atoms for a
monolayer coverage of the entire inner structure, the importance of virtual
leaks and surfaces not accessible to glow or discharge cleaning becomes
clear. Accordingly, there is a great deal of interest in sorption/descrp-
tion phenomena especially under technical circumstances - which, in fact,
means simultaneous influence of a multitude of parameters. Half of the
presentations dealt directly with sorption or desorption phenomena and they

all concerned oxygen and hydrogen (isotopes) on Al, Ni and stainless steel

/6-9/.
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Sorption of atomic and molecular deuterium on stainless steel as well
as its subsequent desorption was Studied by Matsunami et al. /8/. The
nuclear reaction D(3He,a) H was used in order to obtain absolute numbers
for the deuterium density as well as depth distribution (100 mm scale).
Sorption of D was more effective than D, by a factor of 10 and saturated at
about a monolayer. The surface damage created by energetic particle bom-
bardment particularly promotes sorption of D,. Desorption by 5 keV Art and
H* bombardment showed that all of the sorbed D was situated within the top-
most three atomic layers. From the size of the desorption cross section as
well as its energy dependence it was concluded that desorption by At ions
is predominantly due to knock-on of cascade atoms, whereas desorption by H*
impact is a primary knock-on event; see also Ref. /23-25/. There are thus

great similarities to the mechanisms of sputtering.

The situation is different, however, when these athermal processes
have to compete with thermal ones. Tanabe, /6/ and Fig. 3, studied desorp-
tion of 0 and C from polycrystalline Ni and Al by hydrogen bombardment and
found only in the case of‘oxygen on Ni a marked influence of the lattice
temperature. He gave an explanation based on thermodynamics but this was
not possible for any of the other systems; these are clearly collision-
dominated. He emphaseized the importance of chemical reactions* in general
and, in the present case, the role of water molecules in residual gas. With
reference to the R-tokamak project at Nagoya /26/, the inefficient
reduction of aluminium oxide will require a modified conditioning technique

should aluminium oxide turn out to be unacceptable.

+TT seems pertinent here to call attention also to the work of Staib et al.
/30/ and v. Seggern and Tschersich /31/.
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Collisional desorption by keV ions is always accompanied by implanta-
tion, namely direct implantation and recoil implantation. The former case
is-most important with neutral beam injection, the effect of charge ex-
change neutrals, and tritium inventory considerations. Sagara /7/ studied
implantation and retention of 1 keV H2+ on aluminiun. Again in connection
with the R-tokamak project, and guided by the idea of aluminium's being
passive with respect to chemisorption, this group looked for possible trap-
ping mechanisms. They found radiation camage to be very effective indeed;
also sorbed oxygen was identified as an efficient trap increasing hydrogen
retention. Both of these trapping types are anticipated to cause true
synergistic effects in plasma machines. - Recoil implantation, on the other
hand, is in most cases in PSI of adverse nature as it leads to the incor-
poration of adsorbed impurity species. Being associated inherently with
elastic (nuclear) collisions it can be avoided only by keeping collisional
desorption in the inelastic (electronic) interaction regime; this restricts

primary particles to electrons, (x-ray quanta), and hydrogen.

Segrégation is also influenced by changes of the surface composition
due to sorption or implantation. Mosser /9/ studied segregation in NiCr,
FeNiCr, FeSi, and FeAl alloys under the influence of oxygen. Auger and
photoelectron spectroscopy (AES, XPS) were applied to determine the
chemical state and the amount of the oxide formed. Oxygen was either im-
planted (4 keV) or sorbed from the gas phase. As a rule of thumb he found
preferential segregation: of that constituent which formed the oxide of
highest binding energy; -the most important of these are, Cr203;fﬂ%203,iaﬁd
§i0,. Impiantation had no particular_effect except fpr the larggr oxygen...

penetration depth. P JE
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CONCLUDING REMARKS
In the Summary Session of the Workshop the main results in this area
were considered from the present author's point of view. «ith the help of

Fig. 4, which is essentially taken from Ref. /13/, he tried to link several

of the new findings. These are especially

- reduction of the erosion yield by overlayers /1-3,27/ or surface com-
pounds /3,13/. Sacrificing overlayers may be more effective but their re-
plenishment is as vital as it is difficult to achieve. Surface compounds,
on the other hand, form on their own under the influence of particle
radiation and reactive gases (synergism: radiation assisted oxidation,
/13/ and references therein). Since their protective action is incomplete
it might be necessary to have recourse to

- increasing the ionized fraction in the sputtered flux and preventing it
from entering the main plasma. Key issues of the effectiveness of this
method are: the charged fraction must be increased to nearly 100 %; can
high ionization densities in the sheath plasma achieve the same effect?
And if so, ‘

- the momentum (angular) distribution of released wall particles is crucial
for their penetration depth and motion in the edge plasma. It should be
noted that electrical retention as demonstrated in Fig. 1 is no longer
effective with postionized particles since they have traversed the plasma
sheath before ionization. Momentum and magnetic field strength determine
their further behaviour. The momentum distribution, on the other hand, is
influenced by surface structures and these in turn change with particle

fluence, wall temperature, and surface coverage.

— 185 -~



It thus appears that any change of the state of the surface - in
particular its chemical composition and morphology - gives rise to a series
of interrelated effects at the first wall of magnetic confinement systems.

The most pronounced ones - with this expectation the author concluded his

sunmary - will be found with phenomena associated with electronic surface
inte}action. The more tﬁan two orders of magnitude increase in the charged
fraction of the sputtered flux caused by a surface oxide (Fig. 4) is as
strong an indication of the importance of inelastic effects, as is the
example with which he finished the summary:

the sheath potential difference between a plasma and its contactjng wall is
determined by the plasma (electron) temperature and the flux of charged
particles leaving the surface. This flux is composed of secondary electrons
and, generally to a much smaller extent, ions. High electron yields reduce
the sheath potential and thus the energy of positive ions impinging on the
surface /28/ as well as the probability of unipolar arcing /29/. Since
electron emission is extremely sensitive to surface composition there is

thus another way of controlling wall erosion as well as plasma purity and

temperature.
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Fig. 1: Bombardment of a dilute Cu-Li alloy at elevated temperature with
and.without'negative bias on the target. The Li surface concentra-
tion was measured by Auger electron spectroscopy. Since most of the
sputtered Li particles are ejected as ions, the surface coverage
hardly changes when.a negative target potentia] prevents Lj¥ from
leaving the surface. Without bias the Li surface layer is eroded
away at a speed determined by the sputtering and segregation rates.
From Krauss et al. /2/.
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Fig. 2: Reduction of partial metal sputtering yield by self-sustaining car-
bon surface layers. Carbon, from a graphite or carbide substrate,
diffuses at elevated temperatures through the Ni-layer, segregates
at the front surface and protects Ni from sputtering. Below a
critical flux density, the protection is complete, while above this
level a C-Ni comjound of low surface binding energy is formed, thus
causing enhanced erosion. At stil1 higher flux densities some 1ow-
density carbide seems to work as partial protection again.

From Morita et al. /3/.
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Fig. 3: Desorption of low-Z impurities from polycrystalline Al- and Ni sur-

faces by hydrogen bombardment.

a) Fluence dependence of oxygen removal from nickel at various
temperatures

b) same as a) but with signal from the aluminium base and carbon
contaminant.

From Tanabe /6/.
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Fig. 4: Influence of surface oxides and nitrides on the partial metal sput-
tering yield and the ionized flux of sputtered partu:les. Nitmdes
are formed either by direct imp’l antation (5.5 keV/atom) or by ex-
posure to nitrogen simultaneocus with" 11 kev Art bombardment.

From Hofer et al. /13/. ) ' ' ' "
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EFFECTS OF MONOLAYER COVERAGES ON SUBSTRATE SPUTTERING YIELDS”

D. M. Gruen, A. R. Krauss, and M. J. Pellin
Materials Science and Technology Program
Chemistry Division

Argonne National Laboratory
Argonne, IL 60439

" Abstract

Materials currently being used or considered for plasma-side applications
are not entirely satisfactory, particularly in the medium edge temperature
(~100~300 eV) regime. A new approach to impurity control based on self-
sustaining surface segregated low-Z layers with high secondary ion fractions
has been sugdested and tested in laboratory experiments.

A crucial requirement is that substrate sputtering yields be reduced
about an order of magnitude by monolayer adsorbate coverages. Theoretical and
experimental evidence is adduced to support the contention that overlayer
coverages (a monolayer of Li on Cu) result in profound reductions of substrate
(e.g., Cu) sputtering yields: The conclusion that a material such as a dilute
alloy of Li in Cu could function as a limiter or a divertor plate material is,
in part, based on the fact that more than 85% of the sputtered flux originates

in the first atomic layer (e.g., Li) of the target.

*Work performed under the auSpiées of the U.S. Department of Energy.
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I. Introduction

Impurity control is becoming increasingly important in magnetic confine-
ment fusion machines as devices operate with pulse lengths on the order of
seconds and make use, for example, of large area Faraday shields for ICRF
antennas immersed in the plasma edge.

A large number of properties are important for materials selection invol-
ving impurity control systems such as limiters, divertor, plates and beam
dumps.1

The candidate materials considered for plasma side use where impurity
generation occurs may be divided into low-Z, medium-Z, and high-Z materials.
At low plasma edge temperatures (< 50 eV), several materials can be used, but
high-Z materials such as W are predicted to have the greatest lifetimes. At
higher edge temperatures (100-300 eV), both medium and high-Z materials are
unacceptable due to excessive self-sputtering. The permissible plasma side
materials are, therefore, confined to those whose self-sputtering coefficients
do not exceed unity, thus limiting the choice of materials to atomic weights
approximately that of SiC unless the edge temperature can be kept below 50
eV. Because candidate heat sink materials are copper or transition metal
alloys, mostAsuggestions for plasma side materials in high heat flux applica-
tions have involved low-Z coatings such as TiC or Be. Recent experience in
TFTR with TiC coated poco-graphite limiters has shown, however, that severe
problems can be associated with this approach to impurity control.2

The current lack of suitable plasma side materials encourages one to seek
out alternative approaches that may provide more satisfactory solutions to
this important problem area. One such approach to impurity control has in-
volved an investigation of alloy systems which spontaneously form low-Z over-

layers as a consequence of exposure to the fusion reactor environment.3’4

Several candidate systems for the production of such se1f—sustaining Tow-Z
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overlayers '‘have been identified -and -are being 1nvé§tigated from both a theo-
retical and experimental point of view. -Alisys under -investigation include
Cu-Li, V-Al, W-Be, and Al-Li. While in all these cases, the low-Z component
in the bulk is relatively dilute, typically less than 10 at.%, its equilibrium
surface concentration can be expected to be greater than S0% under the condi-
tions obtaining in:a fusion reactor.

The key idea in the approach to impurity control outlined above is that
surface segregation, which is thermodynamically driven by Gibbsian adsorption
and kinetically enhanced in a radiation environment, can provide a self-
regenerating low-Z surface by diffusion from the bulk. In principle, Gibbsian
adsorption gives enrichment only for the very first layer of atoms with bulk
alloy con;entrations reestablished within one or two atomic layers from the
surface. Although concentration profiles can be expected to be strongly modi-
fied in the presence of charged particle and neutron radiation fields, it is
necessary to establish in the first instance the sputtering behavior of the
material for a purely Gibbsian adsorption concentration profile. To be
applicable in an actual machine, this approach to impurity control must
provide in the first 1nstanpe for a reduction in the sputtering yield of the
medium-Z alloy component by about an order of magnitude. The question to be
addressed then deals with the effect of a low-Z overlayer which is one mcno-
layer in thickness on the sputtering yield of the higher-Z substrate on which
it is adsorbed. We should note at the outset that this question has apparent-
ly not been posed in quite this form before and cannot as yet be answered in a
definitive way. However, work done up to now suggests that strong reductions
in substrate sputtering yields can be achieved as a result of monolayer cover-
ages.

Again, for surface segregation to be a practical "coating" mechanism in

fusion machine applications, the low-Z monolayers must be self.sustaining and
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protective in the sense  of lowering substrate sputtering yields by-an order-of
magnitude. In ‘turn, this means that the flux of sputtered-atoms must origi--
nate essentially entirely in the first atomic layer. To be self-sustaining,

surfaéé segregation kinetics must be rapid enough to replenish matertal

sputtered from the surface. - There are two mechanisms which could bring this

about. - First, radiation-enhanced diffusion speeds up the process of surface

segregation by several orders of magnitude.. Second, if the sputtered: flux

consists primarily of secondary ijons, a small negative potential on the target

(=20 V), such as provided by the plasma.sheath potential, s sufficient to
return the jons to the surface thus reducing the sputtering yield.

It is desirable, -therefore, that sputtered atoms originate in the very
first layer of surface atoms, that the surface ionization coefficient is high
in order to have  large secondary ijon fractions, and that the low-Z component
of the alloy segregates very completely at the surface and does so rapidly in
a radiation field. This paper discusses the theoretical and experimental
evidence, particularly in the case of low energy sputtering (up to a few keV)
which shows that more than 85% of all sputtered:atoms originate in the surface
layer. The implications of this finding for plasma side materials is. con-
sidered.

Experimenta127 and theoretical3® evidence for the kinetics of surface
segregation and secondary ion emission of a particular alloy system, Cu-Li, is
presented in other papers where it is shown that, under particle bombardment
and in the presence of a small negative potential, a pure lithium overlayer

can be maintained.

[I. Effects of Gasecus Adsorbates on Sputtering Yields

The accurate determination of 1light ion sputtering yields of materials

exposed to fusion plasmas has played a central role in evaluating.the level :of
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impurities -to -be rexpected in-fusion devices .and reactoes. The . sputtering
yields on which .calculations of radiation:losses from plasmas are based have

5. It has become

been obtained from.measurements on - clean metal surfaces.
increasingly clear in recent years, however, that adsorbates, even at the
monolayer level, can have important effects on sputtering yields particularly
for light ion bombardment of metals. These effects have not been systemati-
cally explored nor .have they been taken into account in calculations of expec-
ted-plasma impurity concentrations. In the following, we wish to elucidate
the nature of -these effects, to delineate their theoretical basis, to explore
the parametric influence of projectile, adsorbate and substrate mass, to
describe changes in sputtering yields due to adsorbate geometry and to present
the experimental evidence supporting the conclusions based on theoretical
modeling,

Up to relatively recent times, quite insensitive methods have been used
to determine sputtering yields defined as the mean number of atoms removed
from the surface per incident ion. Most commonly, the weight loss of a target

6 In measurements

was measured after bombardment with very high ion fluences.
of this sort where hundreds of monolayers had to be removed, it had already
been shown that the sputtering yields measured for oxide covered surfaces,7'11
as would be the case under conditions of poor vacuum,12 may be lower than for
clean surfaces,

Increases in sputtering yield are frequently observed in depth profiling
after sputter cleaning a metal surface that had been exposed to the atmos-
phere.13 Thus, - the sputtering yield of Fe has been found to increase after
10 keV Ar* bombardment of well-oxidized 321 stainless steel at a dose corre-
sponding to the, removal of about 2x1016 atoms/cmz.14 -Effects such as these

had generally been attributed either to changes in surface topography or to

higher surface binding energies of oxygen with metal atoms.
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The introduction of laser fluorescence spectroscopy to the study of the
sputtering process has provided one with a sensitive method for following
changes in sputtering yield in real time as a function of surface compo-
sitior;.ls’l6 Much of the work using this new method has been done in the
"dynamic" dosing mode. In a series of experiments, Behrisch et at.l’
measured sputtering yields of Fe for both H* and DY bombardment at 2 keV and
He* bombardment at 6 keV. LFS and weight Toss measurements were employed for
high fluence experiments in which the oxygen partial pressures in the vacuum
chamber were adjusted so as to give a range of oxygen molecule to ion arrival
rates of 10~3 to 102, Results for their H* and D* bombardments are shown in
Fig. 1. Similar results have been obtained by Dullni et al. in "dynamic"
dosing experiments of Ti with oxygen.18 Under these experimental conditions,
it is not possible to determine the number of oxygen layers in the near sur-
face region particularly since surface compcsition was not monitored. At the
high ion fluences used, recoil implantation and ion beam mixing complicate the
interpretation of the results, a fact which had been clearly recognized by
these workers., Nonetheless, the results are striking in that the Fe sputter-
ing yield, fqr example, changes by a factor of 15. Behrisch et a1.17 discuss
five contributory effects which can be summarized as: (1) changes in binding
energy due to oxygen adsorption, (2) changes in binding energy due to topog-
raphy; (3) "shadowing" by oxygen overlayers; (4) structural changes in the
bombarded near surface region; and (5) development of surface structures such
as blisters. In order to understand the profound effect of oxygen and other
adsorbates in reducing substrate sputtering yields, it is clearly going to be
necessary to assess the relative contribution of each of these factors.

Since the binding energy enters inversely in the sputtering yield

formula, only unreasonably large changes in binding energy could explain the

15-fold decrease in Fe sputtering yield, Therefore, although factors (1) and
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(2): can 'be expected to make some contribution to the observed effects, they
cannot be the predominant causes. In order §éparate1y to assess factors 3-5,
it is necessary to make sputter yield measurements which can be carried out
with bombarding ion f1uence$ so small as to minimize displacement damage, ion
and recoil implantation as well as ion beam mixing. The recent development of
"static" mode laser fluorescence as well as of multiphoton resonance ioniza-

19 when coupled with surface Auger compositional

tion of sputtered atoms
analysis makes it possible to measure both ion-induced oxygen desorption cross
sections and metal sputtering yields using pico-coulomb ion fluences. The
effects of monolayer adsorbate coverages on sputtering yields can, therefore,
be measured in sequential dosing experiments without changing the oxygen/metal
ratio during a given data collection period.

On the basis of recently completed work1® on oxygen monolayers adsorbed
on Ti metal, which will be more fully discussed below, one concludes that the
ion fluences were too low in those experiments to rationalize the decreases in
Ti sputtering yields due to oxygen absorption on the basis of surface struc-
tural changes. Assuming that the results found for the Ti-0 system apply to
the Fe-0 system as well, one would conclude that factors (4) and (5) are not
involved in the observed effects. One is left with factor (3) as mainly re-
sponsible for the reduction in sputtering yields observed by Behrisch et al.
in the Fe-0 system. Before inquiring into the reasonableness of this con-

clusion, and providing a quantitative interpretation of the results, we will

summarize the experimental data for the Ti-0 system mentioned above.
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III. "Static Mode™ Laser Fluorescence and Auger f@ectroscogy Applied to the
Study of Oxygen Monolayers on Tﬁtanium Metal.

A systematic character1zat1on of surface oxygen-metal reac*ions has shown
that oxide-like sorption layers and “two d1mens;ona1" oxides can form at room
temperature on many metal surfaces.?0 The kinetics, mechanisms and structures
of such layers can take many varied forms and the energetics for the formation
of such layers appear to vary from metal to metal. Clearly, the details of
the oxygen-metal bond influence many of the surface dependent properties.

In order to study the effect of monolayér and submonolayer coverages of
oxygen on sputtering yields, we have developed the techniques of "static mode"
laser f1uoreséence coupled with Auger spectroscopy and have applied the method
to a study of Ti-metal surfaces interacting with oxygen. Details of the
"static mode" laser fluorescence method have been described in the litera-
ture.19:18  suffice it tp say here that the principal innovation in the
"static mode" LFS technique involves operating the ion source in a pulsed mode
by application of a brief flat topped pulse (4 us duration), producing a 600 V
potential difference across the deflection plate system of the ion gun, and
resulting in a deflection of the 3 Kev ion beam about 6 mm at the Ti-target.
The target was aligned so that the deflected beam reached the target center.
During most of the 100 ms interval between laser pulses, the undeflected ion
beam impacted the outer edge of the Ti target. This mode of operation mini-
mizes sputtering during LFS data collection and has been shown to result in
virtually unchanged 0/Ti ratios during a single run. After measurements at a
given 0/Ti ratio have been completed, the ion beam is allowed to bombard the
central region of the target continuously until the next desired 0/Ti ratio is
established and measured using the Auger monitoring system.

A dye laser (Molectron MY34-DL16) was synchronized to fire 3 us after

pulsing the ion beam. Broadband operation (~ 1 cml linewidth) was emplqyed

with sufficient power to ensure a high saturation condition of the transitions
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being- excited, Details of the Taser system and LFS techniques have been pub-
Tished elsewhere 15,16 - .

‘The Ti target was oOxygen coated in a.position facing an AES system, after
sputter cleanindg. The oxygen partial pressure (~ 10-6 Pa) was monitored with
a quadrupole gas analyzer. In accordance with the high sticking coefficient
for oxygen on titanium, one monolayer coverage was achieved at exposures of
1-2 L, while 5 L was sufficient to produce an AES signal corresponding to
about 3 monolayers. Desorption of oxygen by the AES electron beam could be
easily observed at coverages higher than two monolayers but could be kept to

an acceptable rate by minimizing the electron beam current.

A. Nature c¢f surface oxide layers and sputtering kinetics

In order to clarify the nature of oxygen bonding to titanium, which
affects the sputtering yield, the kinetics of oxygen sputtering were investi-
gated. The erosion of the oxygen near-surface layer by a steady beam of ions
of current density J ions em™2 can be described in terms of a cross-section o
for the desorption process:

¢=d ‘2 /3 = S/n, (1)

where S atoms ion'1 is the sputtering yield at one monolayer coverage, Ny
atoms cm=2 the area density for one monolayer, and y is a quantity propor-
tional to actual surface coverage, n{(t) atoms cn~2,  Here we take for y the
AES 0/Ti signal ratio from the peak heights of the 510 eV oxygen and the 418
eV titanium lines in the differential Auger spectrum. While the sputtering
process i§ not strictly describable by a cross section for independent ejec-
tion events, the approximation appears valid for low coverage.21'23 In Fig. 2

where the 0/Ti Auger ratio'is plotted against time (for a beam current density



of 2 x 10% Ar* ions cm~2 sl at the monitoring position), four distinct
regiongi labelled A-D can be identified. The assignment of oxygen coverage
values given in Table 1 is deduced from a model of the expected 0/Ti Auger
peak r;tio as a function of coverage. As is discussed below, this is strongly
supported by experimental evidence from other studies. Also given in Table 1
are the o and S values calculated from Eq. (1) for a value of n, = 1.474 x
1015 atoms cm~2.

A tightly bound layer corresponding to the D region of Fig. 2 has the
lTowest sputtering yield and has a transition to the C region at an 0/Ti signal
ratio of ~ 0,1. A change in slope at this 0/Ti ratio has been cbserved by
Shih and Jona?* and identified by them on the basis of LEED data as due to the
formation of a 1/4 monolayer of oxygan. Later studies?® confirm that the
characteristic p(2 x 2) pattern seen in LEED is due to the presence of 1/4
monolayer of oxygen. The LEED results could not be used to differentiate

between formation of an over or underlayer. We have shown that such infor-

mation is obtainable from the sputtering results as discussed below.26

B. Effect of oxygen adsorbates orn Ti sputtering yield.

Experiments with LFS detection were performed on the sputtering of T
atoms as a function of oxygen coverage. First, successive members of the
a3FJ, J=2,3,4 ground state multiplet were accessed and fluorescence detected
at wavelengths selected from the a3F +* z3F° system at ~ 520 nm. The LFS
signal was followed through diminishing oxygen coverage until essentially
clean metal was indicated by Auger measurements. The relative normalization
of the curves shown in Fig. 3 for the different fine-structure states was ob-
tained in separate experiments on the clean metal target for each of the

J=2,3, and 4 levels. Corrections for the different degeneracies, radiative

lifetimes and branching ratios at the detection wavelength were applied. The
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sum of the ‘three ordinates at zero oxygen coverage was taken to be the total
sputtering yield of Ti metal for 3 keV Art (S = 1.1).11:28:29  pgqumptions
made in interpreting the data of Fig. 3 as Ti0 yields are that the velocity of
the ejected Ti atom does not vary substantially with oxygen coverage or the
state of the ejected species and that atoms sputtered in more highly excited
eiectronic states or as ions constitute a negligible fraction of the total
sputtered flux. Large errors are not expected but additional work is clearly
required so as to be able fully to assess the effects of changing velocity,
excited state and ion aistributions.

The salient result is that the Ti? sputtering yield is a strongly de-
creasing function of oxygen coverage., It is lower by a factor of about six in
the case of three monolayer oxygen coverage compared to a clean Ti metal sur-
face. In order to understand the physical basis for these results, model cal-
culations were performed with the TRIM code of Haggmark and Biersack,23-3°
modified to include multiple layers and components for sputtering calcula-
tions. The best agreement between the data and the TRIM code calculations
were obtained using a model in which the first two oxygen monolayers form
underlayers. Interestingly, this situation was found by LEED to be the case
for N, on Ti.24 The two dimensional TiN structure bears a remarkable
structural similarity to bulk TiN. It is tempting to speculate that oxygen
monolayers on Ti form two dimensional oxides whose structure and bonding
properties resemble bulk Ti0 and 1302016 Oxygen overlayer formation occurs

with the third oxygen layer which results in very large decreases in Ti yield.

IV. Depth of Origin of Sputtered Atoms
The "static mode" LFS experiments have shown for the first time that

monolayer oxygen coverages can result in a decrease of substrate sputtering

yields up to about an order of magnitude. One must now inquire whether this
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resuit can be rationalized theoretically. Sputtering yield calculations have
been done 1n‘recent years using a variety of'computer‘code52333ﬂs3? We have
made extensive use of TRIM code calculations modified in such a way as: to be
able to include the effects of over and underlayer formation.l9 For clean
metal surfaces, TRIM calculations have given excellent agreement with experi-
menta}ly determined values of sputtering yields. In addition, it is possible
to determine the depth of origin of sputtered atoms using the TRIM code,32 and
the results of calculations for DY at several energies on Cu and for 3 keV Ar'
and He* on Ti are shown in Figs. 4 and 5. In the cases so far examined, the
Monte Carlo.calculations show that 80-90% of all sputtered atoms originate
from the very first or surface layer. This appears to be generally true for
most combinations of projectile and target masses and is relatively energy
insensitive. A full documentation of these conclusions still remains to be
made,

The results of TRIM calculations regarding the depth of origin of sput-
tered atoms have now been strikingly verified in a series of ingenious experi-
ments by Dumke et a1.33  These workers first showed that ion scattering and
Auger spectroscopy results are in agreement with theoretical expectations that
the surface monolayer of a gallium-indium alloy containing 16.5% indium in the
bulk is greater than 94% indium, while the next layer is only slightly en-
riched, They then report measured sputtering yields and angular distributions
of sputtered atoms from both the solid and liquid phases of pure gallium and
indium, and of gallium-indium eutectic alloy. These were obtained by
Rutherford backscattering analysis of graphite collector foils. The sputter-
ing of the liquid eutectic alloy by 15 keV Ar™ results in a ratio of indium- to
gallium sputtering yields which is 28 times greater than would be expected
from the target stoichiometry. Furthermore, the angular distribution of gal-

lTium is much more sharply peaked about the normal to the target surface than
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the indium distribution. When the.incident Ar* energy is increased to 25 keV,
the gallium distribution broadens to the same shape as the indium distribution
With the exception of the sharp galljum distribution taken from the liquid
eutectic at 15 keV, all angular distributions from liquid targets fit a cos?e
function. The sputtering yields from the eutectic allowed these workers to
infer, -in -accord with theoretical expectations, that 85% of the sputtered
atoms originate in the surface monolayer at 15 keV incident energy, while 70%

do so at 25 keV.

V. Effects of Surface Segregated Layers on Sputtering Yields

More than 100 years ago Gibbs34 showed that the surface of an alloy
becomes enriched in the component that produces the lowest surface free
energy. In simple situations where no major changes in chemical bonding are
involved, and heats of solution or mixing are small, this generaliy is the
comporient with the lowest surface energy in pure form,

This analysis has more recently been extended by sevaral workers using
the quasichemical, pair-wise model of bonding to express thermodynamic para-

meters.35

If it is assumed that significant deviation from bulk composition
is confined to one monolayer, which is reasonable in this model so long as the
heat of mixing is small, then one can derive simple expressions for’surface
compositions and surface energies of solutions and alloys from the properties
of the pure-components. The work of Miedema has also been shown to predict
the surface energies of a number of simple solutions quite accurate1y36’37 on
the basis of a different model,

Calculations using models of this sort have recently been made by us for

a series of substitutionzl solid solutions of Cu-Li, V-Al, and W-Be where the

fraction of the minor components (Li, Al, and Be) were fixed at 4 at.%. From

Fig. 6 it can be seen that the surface concentration of the minor component in
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these aIIOys~taﬁrreach very high values depending..on the temperature.. .Thus,
for the 4 at.% Cu-li alloy:system, the-predicted surface:gconcentration of Li
is near 100% even -at temperatures approaching the melting point .of Cu. It .is
of interest now to inquire into the sputtering yield of Cu as a function of
the number of Li overlayers. Calculations of this sort were made using the
TRIM code with the assumption that the surface -segregated Li forms in-layers
in the sense of random substitution of Li for Cu in the surface layer until
one monolayer is completed. Formation of the second Li-containing layer
proceeds in the same fashion as the first.

From Fig: 7 it can be seen that the sputtering yield of Cu decreases from
0.26 for 2 keV He' bombardment of clean Cu to 0.09 for an epitaxial Li over-
layer which is one monolayer in thickness. At the level of two Li overlayers,
the Cu yteld is 0,02, The Li sputtering yield in the 1-2 monolayer regime is
0.20. For 200 eV He* ions, the sputter yield calculations are shown in
Fig. 8. Again at the one monolayer Li level, the Cu yield has decreased from
0.06 to 0.01 while at the two monolayer level, the Cu yield is virtually zero.
The Li yield for 200 eV He' ions varies essentially linearly with Li layer
thickness and is 0.21 at the two Li monolayer thickness. The implications of
these calculated results for applications of Cu-Li as a high heat flux plasms-
side material are discussed below.

In Fig. 7 the sputtering yields with 2 keV He' for a variety of plasma
side materials are shown. In parentheses are given the atomic numbers (Z) of
the elements. In the case of TiC, the number in parenthesis is the arithmetic
mean of the atomic numbers of Ti and C. In the case of Cu-Li, the number in

parenthesis is
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: SC“ . x at. no. Cu + sLi X at. no. Li
Seu™SLi SeuSLi

appropriate for each He+ energy and Li layer thickness. It can be seen that
on the basis -of this comparison, the total sputter yield of Cu-Li at the one
monolayer level for 2 keV He™ is lower than the sputter yield of graphite
albeit the effective Z is somewhat higher (8 compared to 6). For 200 eV He',
the Cu-Li and Be sputter yields are almost the same while the effective Z for
Cu-Li is close to 3 while that of Be is 4.

Another way of evaluating the possible utility of Cu-Li in fusion appli-
cations is to examine the effect of Li overlayers on the Cu self-sputtering
- coefficient. Extensive calculations using the REDEP code have recently
shown3? that a "runaway" condition occurs when the self-sputtering coefficient
of Cu exceeds unity. This situation, which is reached for pure copper at
plasma edge temperatures of ~ 30 eV, is pushed to ~ 150 eV in the case of a Li
overlayer sputtering with 100% ion fraction and to 103 eV with 90% ion frac-
tion. The very substantial increase in edge temperatures allowed with the Cu-
Li system presents machine designers with an interesting new limiter or diver-
tor candidate material.

The stability of Li overlayers produced in a self-sustaining fashion by
surface segregation in a radiation environment is under study in our labor-
atory and 1in several collaborative experiments with other 1laboratories
together with measurements of the effects of such overlayers on Cu substrate

sputtering yields.
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Table 1. Sputtering yield date from erosion kinetics of 0/Ti Auger

Signal using 3 keV AcT.

Region 0/TL at Coverage S g
slope change (monolayers) (atoms/ion) (10~16cn?)
A A-B = 0,92 2 1.9 13.0
B B~C = 0.39 1-2 0.35 2.4
c C-D = 0.15 25 -1 0.20 1.4

D — 0 - .25 0.11 0.7
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SYNERGISTIC SPUTTERING PROPERTIES OF BINARY ALLOYS

A. R. Krauss, A. B, DeWald, * D. M. Gruen and N. Q. Lam
Materials Science and Technology Division 8
Argonne National Laboratory
Argonne, IL 60439

We have found that dilute concentrations of lithium in copper produce
surfaces which are nearly pure lithium when heated and subject to irradi-
ation, In order to better understand the experimental results, we have
modeled the Cu-Li system using a modified version of the TRIM computer code
and an alloy segregation program developed by N. Q. Lam. The TRIM code cal-
culates the sputtering yield and depth of origin of the sputtered atoms for
materials in which the composition varies from one atomic layer to the next
and the segregation program uses these snuttering yields to trace the evo-
Tution of the concentration profile.

The initial result of sputtering is to preferentially deplete the surface
species. Continued irradiation, however, creates a subsurface region of high
displacement damage. In the Cu-Li alloy, 1ithium moves very rapidly through
this region, resulting in subsurface lithium enrichment. The enriched region
broadens and eventually reaches the surface. The exact effect on the lithium
concentration in the first two atomic layers depends on the temperature,
damage profile, and particle flux. Results of the calculation are presented,
along with a discussion of their implications for fusion reactor materials.

It is often assumed, when dealing with the sputtering of compounds and
alloys, that each component has the same sputtering properties as the pure
element, and that the sputtering rate of a given atomic species is, therefore,
linear with atomic concentration. We have investigated the validity of this
assumption in the context of dilute, highly segregating alloys proposed for
fusion applications. It is found that as the concentration of a given element
changes with time and from one atomic layer to the next, the sputtering yield
also changes significantly.

*Georgia Institute of Technology, Atlanta, GA.
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INTRODUCTION: -

- .>One- of the principal factors limiting the ultimate performance of magnet-
ic fusion devices is the energy lost to atomic line radiation from plasma
impurities arising from the erosion of structural components which face the
plasma.- Since the energy lost to line radiation increases very rapidly with
the atomic number of the impurity atoms, it is especially important to limit
the concentration of high-Z atoms in the plasma. Additionally, there is a
serious structural problem associated with the use of high-Z materials facing
the plasma: Sputtering, by both the D-T fuel and plasma impurities, is expec-
ted to be the dominant erosion mechanism in a fusion reactor. For most of the
possible range of plasma parameters in which a fusion reactor would operate,
even a very low concentration of high-Z plasma impurity would result in a
self-sputtering cascade which would quickly destroy the structural components
facing the plasma [1].

It 1is, therefore, desirable to use low-Z materials on all surfaces
exposed to the plasma. The thermal, chemical, and mechanical properties of
most low-Z materials are rather poor, dictating that they be used in the form
of coatings deposited on, dr bonded to, a structural substrate., However, the
use of coatings results in a number of new problems related to the integrity
of the interface, erosion-redeposition phenomena, and maintenance: Unless the
coating is very thin or has a thermal expansion coefficient matched to that of
the substrate, interface fracture is likely to occur as the result of thermal
shock. Additionally, the bond is weakened as the result of accumulated gas
and defects-at the interface. Coatings such as titanium carbide used in
current fusion-devices are typically only 20 microns -thick, and are subject to
failure by microcracking and eventual spallation if the thickness exceeds 30-

40 microns.[2]. : Erosion and redeposition processes may result in the transfer
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of as much as 100 cm of limiter thickness per year [3], indicating that it is
very likely to be impossible to maintain a stable coating thickress. Regions
in which the coating is depleted may be replenished by in-situ deposition.
This approach, however, adds an additional degree of complexity and does not
help in regions in which the coating has become too thick to be structurally
stable,

A novel approach to the production and maintenance of self-sustaining
low-Z coatings [4] involves the use of alloys in which thermal and radiation-
related segregation processes result in an overlayer consisting entirely of
the low-Z cémponent of the alloy. Several alloys based on fusion reactor
candidate materials have been identified as theoretically capable of producing
such an overlayer [5] (e.g. Cu-Li, W-Be, and V-Al). At thermodynamic equili-
brium, the region which is expected to be enriched in the low-Z component is
only one atomic layer thick. In a radiation environment however, a concentra-
tion profile of the low-~Z component is expected, which may extend quite far
into the subsurface region,

In order to be of practical use, the coating must: (1) form a reasonably
complete 1ow;Z overlayer, which is maintained for times at least comparable to
the operating cycle of the fusion device, (2) be stable at the expected opera-
ting temperature of the substrate material, (3) significantly reduce both the
light ion and self-sputtering of the high-Z alloy component, (4) have a long
1ifetime-to-dep1etion of the bulk inventory of the Tow-Z component., Addition-
ally, the .erosior rate of the low-Z alloy component must be low enough to
prevent significant contamination of the plasma by the overlayer material,
although the allowable level for low-Z atoms is relatively high [6].

Copper is frequently the material of choice for high heat flux applica-

tions. Because of its high sputtering yield, it is, however, unsuitable- for
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use as a plasma-side material. In this paper we discuss the use of copper-
lithium alloy as a means of retaining the desirable features of copper while
Towering both the erosion rate and the effective Z of impurities introduced
into the plasma. Attempts to model the experimental results reveal a number
of synergistic effects associated'w}th the sputtering of binary alloys in a
fusion reactor environment.

Cu-Li has been investigated both theoretically and experimentally, and it
has been found that, at sputter-induced erosion rates comparable to those
expected in a fusion reactor and temperatures appropriate to the use of copper
as a limiter material, an alloy containing as little as 2.6 at.% Li quickly
forms an overlayer consisting of nearly 100% lithium [5]J. This overlayer is
stable during extended irradiation at high temperature. Negligible reduction
in bulk lithium concentration is observed after three week's sputtering at a
rate of approximately 0.4 atomic layers per second and maintenance at a
temperature of 430°C [7].

Calculations using the TRIM computer code to predict the copper and
lithium sputtering yields indicate that, for a single atomic overlayer of
lithium, the copper erosion‘is reduced by a factor of 4-6 relative to that of
pure copper, depending on the mass and energy of the incident particle [7].
Similar results have been obtained experimentally [5]. Analysis of the near-
surface lithium concentration by Auger electron spectroscopy indicates the
presence of more than one atomic layer of lithium. Physical arguments based
on the charge state of the sputtered 1ithium and the observed stability of the
lithium ‘oveflayer at temperatures in excess of 400°C [7] dictate that the
effective thickness: of the 1lithium overlayer does not exceed 2 atomic
layers. Calculated yields for the self-sputtering of copper from a pure cop-

per .surface and from -¢opper ¢overed with 1 and 1.5 atomic layers of Tithium
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are shown in Fig. 1. For comparison, the self-sputtering yield of tungsten is
also shown. For impact energies in excess of 1 keV, the sputtering yield of
tungsten exceeds unity, corresponding to the generation of a self-sputtering
cascade which would quickly destroy the limiter. The impact energy depends on
both the plasma edge temperature and the charge state of impurity atoms emana-
ting -from the edge region. For tungsten, an impact energy of 1 keV corre-
sponds to an edge temperature of ~100 eV. For copper with a iingle lithium
overlayer, the predicted kinetic energy corresponding to unity selt-sputtering
yield is 1400 eV, higher than for tungsten. If the lithium overlayer is as
little as 1.5 monolayers thick, the self-sputtering window for Cu-Li is 3400
eV wide. Because the atomic number of the impurity influx would be reduced by
a factor of 2.5 relative to that of tungsten, plasma performance would also be
improved.

The TRIM calculations predict that the erosion rate of lithium from the
Cu-Li alloy is comparable with the arosion rate of copper from pure copper.
However, based on theoretical considerations and earlier experiments [8], it
was anticipated that the lithium would be sputtered primarily as secondary
ions. It has been shown that as a result of the electric potential gradient
at the limiter of a tokamak, and the tangential toroidal magnetic field at the
wall, the probability that a secondary ion will enter the plasma as an impur-
ity is on the order of only a few parts per million [9,10]. The vast majority
of the secondary ions are returned to the sputtered surface within ~100 um of
the point of origin. Laboratory experiments simulating .the effect of the
sheath potential at a tokamak limiter by applying a bias voltage to the sample
and monitoring the surface composition during sputtering by means of Auger
spectroscopy have shown that, for a temperature range of 140°C to 320°C, span-

ning the expected operating temperature range of a copper limiter in a fusion



reactor, the electric field completély suppresses the depletion of the Tithium
overlayer, as shown in Figs. 2 and 3.

- The attainment of the conditions outlined above as necessary for the
successful use of self-sustaining low-Z coatings have been demonstrated in the
laboratory for dilute alloys of Tithium 1in copper. The current work is a
parametric modeling study aimed at elucidating the relevant properties affec-
ting the sputtering of alloys in a fusion environment. It is directed specif-
ically to an understanding of the experimental results observed for copper-
lithium alloys [11].in terms of the time evolution and steady state of the

lithium concentration profile.

THEORY

It was predicted by Gibbs [13] in 1875 that at thermodynamic equilibrium,
the composition of the uppermost atomic layer of an alloy corresponds to a
minimum in the surface free energy. It is only recently, however, that modern
surface analysis techniques have been able to provide experimental confirma-
tion [14]. It is predicted [15] that for a binary alloy, the concentrations
CIA and CIB of atomic species A and B in the first atomic layer are given by

2

A._A AH___/KT) (1)
P #

B B

where CZA and CZB are the second layer concentrations of A and B, and AHseg is
the segregation energy. The principal contribution to AHseg results from
minimization of the surface bond enthalpy, although lattice strain resulting
from under~ or oversized solute atoms also contributes to the segregation
energy. A semi-empirical model due to Miedema [16] has been used with good

success to calculate the segregation energy. A recent review by Chelikovsky
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[17] summarizes the predictions of. the Miedema model for a.large number of
solvent-solute combinaticns. )

Ip most treatments, the quantities CZA and CZB in Eq.. 1 are replaced by
the bulk concentrations Cj and Cg, although it has been shown by Williams and
Nason [18] that Gibbéian segregation is only approximately a first atomic
layer phenomenon. In the -present case, the slight difference between CZA,B
and CA,B is considered negligible in view of the radiation-related effects
which have a much more pronounced effect on the solute concentration pro-
file. These gffects are: preferential sputtering, cascade mixing, radiation-
enhanced diffusion, and radiation-induced segregation.

Preferential sputtering depletes the surface of solute atoms, A, at a
rate which is proportional to the product of CIA and Sp, the partial
sputtering yield of A. For a process dominated by preferential sputtering,
the surface composition is given by [19]:

-

1
Ca_C% Sg

1 C, 3
¢ 8 B A

. (2)

Cascade mixing further acts. to deplete the majority species at the surface by
driving surface atoms into the bulk.

So]ute’atoms removed from the surface are replaced at a rate given by
2 Jp = Dy VCy 3)
where @ is the atomic volume and J, is the flux of A atoms across a plane

parallel to the surface, VCj is the solute concentration gradient, and Dy is

the solute diffusion coefficient, given by
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Dy = Dd exp (- AHyi¢£/KT) (4)

where AHg4i¢s is the usual activation energy. Replenishment of solute atoms
sputtered from the surface with atoms from the near-surface region results in

an altered layer of thickness [20]
d ~Dp/v (5)

where v is the surface recession velocity. Morita, et al. [21] have deter-
mined the time required for the surface concentration to reach the steady

state value given by Eq. (2):
T = gpd DA/kzvz ’ (6)

where kp is a rate constant for segregation, ¢ is the ion flux and op is the
sputtering cross section for component A.

It should be noted that this formalism is not easy to apply since the
quantity D5 is not fl ux-ihdependent in a radiation environment. As a result
of radiation-enhanced diffusion, the creation of mobile radiation-induced
defects increases the flux of atoms diffusing along the solute concentration
gradient by as much as several orders of magnitude, although the activation
energy for diffusion is unchanged. Radiation-induced segregation, on the
other hand, occurs when the solute atom motion is preferentially coupled to
gradients in the defect concentrations. If solute-interstitial complexes are
formed, the solute atoms are carried to the surface which acts as a sink for
both vacancy and interstitial defects. If on the other hand, diffusion occurs

by a vacancy migration process, radiation-induced segregation will act to
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sweep solute atoms from the surface into the bulk. The relative values of the
energies for solute migration via defects are, therefore, of extreme impor-
tance to the overall segregation behavior. ..

' We have chosen to treat the interrelated phenomena -of, .Gibbsian segrega-
tion, preferential sputtering, cascade mixing, radiation-enhanced .diffusion
and radiation-induced segregation via the Lam-Wiedersich model. We present
here an outline of the model to 1illustrate the relevant parameters. More
complete discussions are presented elsewhere [22,23]. The solid is divided
into a number of layers of varying thickness; the first three layers are each

one atomic layer thick., The net flux of solute atoms A between layers 1 and 2

is determined by
8 Jp = (va2l cpcel - viZcylcy)s (7)
where £ is the atomic layer thickness, and
val2 = v2l exp (AHgeq/kT) (8)
relates the inter-layer jump frequencies.
Displacement mixing is treated as a diffusion process in which the effec-
tive diffusion constants, DX, DE are equal and related to the nearest neighbor

distance, A, the depth-dependent DPA rate, Ky, and the atomic mixing factor,

n:

%* %*
Dy = Dy = AzKonIG , o (9)

- 228 -



Radiation-enhanced diffusion is also an activated diffusion process in

which the diffusion coefficient is proportional to the defect concentration.

DA =‘dAV CV + dA'i Ci (10)

where dj,, dAi are the diffusivity coefficients for species A via vacancies
and interstitials, respectively, and Cys C; are the vacancy and interstitial
concentrations.

Radiation-induced segregation arises from a preferential coupling of the

solute flux to vacancy and/or interstitial gradients:

JA Z - DA VCA - CA (dA'i Vci - dAV ch). (11)

The time dependence of solute, interstitial and vacancy concentrations, Chs
Cy, and C, is expressed by a set of coupled differential equations [22].

It should be noted that the activation energies for vacancy and inter-
stitial migration determine which mechanism is dominant in determining the
solute flux and, as seen in Eq, 11, the two effects have opposite signs.

In general, the defect migration and formation energies are known in the
pure metal but not in the alloy. Values of the heat of vacancy formation AH¢
in copper, as determined by positron annihilation spectroscopy, range from 1,2
to 1.31 eV [24,25]. Both values have been used in the present work, as indi-
cated in Table I. They give similar results in terms of the solute concentra-
tion profile. The value of the lithium migration energy AH, in a largely
copper matrix is not known and was considered as a parameter which was used to

reoroduce the incipient compound formation seen experimentally at temperatures
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< 140°C. Other values for the vacancy'and interstitial heats of formation and
migration are listed in Table la.
RESULTS

Except as specifically noted, the results presented in this section vere
ca1aulatéd using the parameters listed in Table I. The calculated time evolu~
tion of the solute’ concentration profile as a function of depth' is shown in
Fig. 4 for an alloy consistjng of 2.6 at.% Li in Cu bombarded at 350°C.: It is
assumed that the sample is in thermodynamic equilibrium at t=0, the time that
sputtering commences, and that the initial solute concentration profile corre-
sponds to the equilibrated value given by Eq. 1 in the first atomic layer, and
to the bulk concentration (2.6 at.%) everywhere else. The sample is bombarded
by 3 kev Art at a flux of 3.1x1013 ions/cmz-s. This flux corresponds to a
sputtering rate of 0.4 monolayers per second for pure copper, or roughly the
sputtering rate anticipated for the limiter of a fusion reactor. The sputter-
ing yield of copper in the alloy is taken as the value for pure copper while,
for reasons to be explained below, the lithium sputtering yield is taken as
1/16 the elemental 1lithium value, 0.68.. After only a few seconds have
elapsed, the surface concentration of 1lithium has decreased significantly
while subsurface Tithium enrichment occurred within the first 50 A, With
increased sputtering time, the enriched region broadens and shifts to a
greater depth, Eventually; the steady-state lithium concentration profile was
obtained; the lithium concentration in -the first layer 1increased to a large
value, controlled by the -sputtering-yield ratio Sc,/S;y (Eq. 2). The second
layer lithium concentration is predicted to be significantly less than the
first layer concentration, in accord with Eq. (1). It should be noted,

however, that the formation of a compound phase, Cugli occurs when the Tithium
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concentration exceeds ~18 at.% [27j, and that the calculated profile is
probably not accurate if the lithium concentration exceeds this value.

The behavior for 3 keV Ar’ sputtering of the first few atomic layers is
shown more clearly in Fig. 5 which ﬁ}esents the time evolution of the lithium
concentration at several selected depths. The copper and lithium sputtering
yields are taken here as the elemental values. Figure 5a corresponds to a
sample temperature of 350°C and Fig. 5b corresponds to sputtering at 140°C.
The first three traces in Figs. 5a.and 5b correspond to the lithium concentra-
tion at depths of 1, 2, and 5 atomic layers. The fourth trace corresponds to
the depth at which the greatest subsurface lithium enrichment occurs at steady
state, i.e., long sputtering times. This depth represents the 23rd atomic
layer at 350°C and the 17th layer at 140°C. Initially, dominant radiation-
induced segregation leads to a strong lithium depletion in the first layer and
lithium enrichment in the subsurface peak damage region. After only 0.1
seconds of sputtering time, the second layer lithium concentration has already
noticeably increased. With increasing time, the peak of the lithium-enriched
region moved deeper into the bulk. Eventually, as a result of preferential
sputtering the surface lithium concentration increases to the steady-state
value,

This value of the first layer lithium concentration is determined by Eq.
(2) and is independent of temperature. Because a larger value was assumed for
the lithium sputtering yield in Fig. 5, the steady-state value of the first
layer lithium conceéntration is smaller than the value shown in Fig. 4 (13.5%
instead of 60%). Because the diffusion coefficient is temperature-dependent,
the width of the Li-enriched region and maximum accumulation at a given depth
vary with temperature. At low temperature the maximum subsurface concentra-

tion.may be high encugh to result in Cugli compound precipitation. For the
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calculation at 140°C, the values of AHy and AHg shown in Table I were:chosen
to show incipient precipitation at a depth of 17 atomic layers, in accord with
experiment [12]. At higher temperatures (e.g. 350°C), the.concentration
profile broadens and the Tithium.concentration at a given depth. decreases. -In
agreement with experiment, no compound precipitation is predicted- at this
temperathre. o

So far we have used two different values for the lithium partial sputter-
ing yield without giving justification. This pecint is addressed here. The
partial sputtering yields of alloy components are nc_wt in general equal to the
values corresponding to the pure element. TRIM calculations have shown [8]
that for a compound material, the composition of the immediate environment
strongly affects the sputtering cross section of any given component. The
calculations presented so far are not self-consistent in that the partial
sputtering yields are assumed constant, although not necessarily equal to the
elemental values. In the example of a thin layer of light atoms on a heavier
substrate, the substrate produces a high reflectivity for the incident pro-
jectile and provides an efficient mechanism for direction of momentum away
from the surfaée. Consequently, it is calculated that a monolayer: of Li on Cu
has a higher sputtering yield than pure lithium, in spite of the fact that the
Li~Cu bond is stronger than the Li-Li bond., Figure 6 'éhows the reflection
coefficient, lithium partial sputtering yield, and sputtering cross section
for lithium atoms sputtered from the first atomic layer of a hypothetical
structure in which successive atomic layers are filled with lithium; As the
Tithiun layer increases in thickness, the reflection coefficient decreases.
Since 1ithium is added, the 1ithium sputtering yield increases up:  to a
thickness of two monolayers, but the sputtering cross section -for :lithium

atoms in the first atomic layer decreases. Since the sputtered atoms -all
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originate in the first two atomic'layers, increasing the lithium thickness
beyond two layers, merely decreases the efficiency with which the projectile
momentum is directed away from the surface, and the lithium sputtering yield
decreases. Since we anticipate on the basis of Figs. 4 and 5 that the compo-
sition in the first few atomic layers will change drastically with time,
significant variation of the sputtering yields is expected. For purposes of
comparison with Fig. 5, Fig. 7 shows a self-consistant calculation using the
partial sputtering yield values predicted by TRIM as the composition profile
changes. The subsurface solute.concentration profile is almost the same as
that of Fig. 5b, but the first and second layer lithium concentrations are
lower. In particular, the second layer does nct show the initial increase in
Li concentration.

An additional mechanism of perhaps even greater significance comes into
play in a fusion environment. It is expected [26] and has been demonstrated
experimentally [7,12] that a significant fraction of the lithium sputtered
from the copper substrate is in the form of secondary ions. These atoms are
promptly returned to the surface by the sheath potential and make no contribu-
tion to the erosion. The net effect is as if the sputtering yield had been
reduced by an amount corresponding to the fraction of atoms which are sput-
tered as neutrals [11]. The effect on the concentration profile for bombard-
ment of Cu-2.6 at.% Li by 500 eV deuterons is shown in Fig. 8 for assumed
secondary ion fractions (8%) of 0%, 50%, 90% and 98%. Since a high secondary
jon fraction is equivalent to a low sputtering yield, the first layer lithium
concentration increases with-g* to the value determined by Eq. (1). For high
secondary fon fractions, the calculated first layer lithium concentration
reaches ~80%. Because of the -‘low effective sputtering yield, Tithium

accumulates in the sub-surface region, forming an altered layer which becomes
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increasingly bBroadér dand”‘more ‘lithium-enriched, -+ Again, these: results -are
indicative of the fundamental- processes, -but are:not quantitatively -accurate
once compound precipitation occurs.” According to- 0ld:-and Trevena' [271,
Tithium' tends to diffuse out of' a region in which CuzLi formation has occurred
rather than accummaté to greater: levels: Consequently, it “is:to be expected
that the first and second Tayer lithium concentrations at steady state are
higher and the subsurface concentration is lower than shown in Fig. 8.

The width of the lithium-énriched region at steady state depends not only
on the charge state of the sputtered solute atoms, but also on the mass.and
energy of the incident projectile via the displacement profile, Koo Figure 9
shows the calculated DPA profiles in copper for 3 keV Art and 3 kev D'
bombardment. Art bombardment is similar to medium mass self-sputtering in a
fusion device. The anticipated impact energy is approximately 10 T,, where T,
is the plasma edge temperature. For light ion sputtering, the impact energy
is closer to T,. For self-sputtering, the DPA profile is peaked very near the
surface. At *he same energy, the DPA profile resulting from D"’. impact is much
broader, although the peak damage rate is much lower per incident ion. Even
at 500 eV, an energy more appropriate for light ion sputtering, the DPA
profile for pt impact is much broader than for self-sputtering, as shown in
Fig. 10a. _

It is anticipated that heavy impurity atoms will strike the limiter at
near-normal incidence, but for light atom sputtering, the angle of incidence
will be close to 60° [28]. The resulting DPA profile will be peaked much
closer to the surface as shown in Fig. 10b. This effect has not yet been
incorporated into our calcullatio‘ns, but it is to be expected that the :-near

surface 1ithium concentration will increase as a result, - RRTIEP
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~Figure: 1} - il1lustrates the resulting solute concentration profiles for
3 keV Art--and, DY bombardment. In order to investigate the effect of the DPA
profile, a higher flux (2.3 -x 1015 em-2 sec‘l) has been assumed here for
deuteron bombardment in order to produce the same peak DPA rate as for the
-argon - bombardment: - The sharply 'peaked- argon DPA profile produces a region
about - 350 A wide whick is strongly lithium-enriched. Deuteron bombardment
produces a thicker altered layer and -exhibits less near-surface lithium
enrichment.

Figure 12 exhibits an additional synergistic effect which is not as yet
treated in a self-consistent manner. By comparison with Fig. 9a, it can be
seen that the DPA profile depends strongly on the composition of the target as
well as the mass and energy of the projectile. As the composition profile
changes with irradiation time, the DPA profile, which affects the evolution of

the solute concentration profile, also changes.

DISCUSSIQN AND SUMMARY

it is unlikely that first wall and limiter structures of a tokamak
reactor will consist of elemental metals. Even if they were initially single
component materials, plasma mixing will result in a mixture of materials --
the so-called "tokamakjum" -~ at the plasma interface. The sputtering proper-
ties of mixed materials may be quite different from the properties observed
for any one of the components. It has been demonstrated [29], for example,
fhat the angular distribution of light atoms sputtered from a heavy substrate
is peaked strongly in the forward direction,

On the other hand, mufti-component materials which are initially homo-

geneous- will cease to bhe -uniform in a fusion environment., The altered spatial
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distribution of the components will in turn strongly'affect. the plasma=$urface
interdction that is -responsible for the mixing and-redistribution processes.

It has been calculated that a coating only.1-2 monolayers thick almost
etiminates the sputtering of the underlying material.: Such layers have:been
produced in- the laboratory -and eévidéncé of .rédiced “substrate-sputtering- has
been obtained for 'several materials [5,303.  In the case of lithium overlayers
on copper, experiments indicate that substantially complete layers may "be
maintained during 3 keV Art sputtering at a flux of 70 uA/cm2 and temperatures
greater than 260°C. In the presence of electric and magnetic field conditions
expected to prevail in ‘a fusion environment, the minimuw temperature is
Towered to < 140°C.

Calculations carried out in an attempt to understand the experimental
results show an initial solute depletion in the first few atom layers and an
enrichment in the subsurface region, as a consequence of rad{ation-induced
segregation, and an eventual increase in the near-surface concentrations to-
ward steady state. The steady state value of the first layer concentration is
determined by the preferential souttering process. However, changes in the
effective partial sputtering yields, as a result of the altered near-surface
composition profile, the inhibition of lithium erosion associated with a high
secondary ion fraction and the effect of the sheath potential, strongly alter
first layer solute concentration and the steady-state composition profile.

The experimentally observed increase in the apparent steady-state-surface
lithium concentration as the temperature is raised is not predicted by the
calculation. However, the calculation is based on the assumption of a solid
solution. At high Tithium concentrations, the formation of the Cu4sli phase

renders this assumption invalid, The probable effect of ¢ompound’ formation
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would be to broaden the lithium-enriched region and raise the lithium surface
concentration,

The displacement profile plays a key role in determining the solute con-
centration profile via radiation-induced segregation. The DPA profile,
“however; 1is strongly sensitive to the mass, kinetic energy, angle of incidence

The treatment used here has been only partly self-consistent but suffices
to &eﬁbnstratefe variety of synergistic effects in the sputtering of al]bys in
a fusion envi ronment. Some of these effects will no doubt represent problems
in the design of future fusion reactors, whi]e others may present opportun1—
t1es for the creation of self-sustaining coat1ngs wh1ch are tailored to

requirements of fus1on reactor operation,
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TABLE Ia: INPUT PARAMETERS

FIGRE . 4,11a 5a 5b 7 8 11b

Li bulk conc. 026 026 .026 .026 .026 .026
(at. fraction)

Temperature (°C) 350 350 140 140 140 350

Projectile Ar Ar Ar Ar D D

Impact Energy (eV) 3000 3000 3000 3000 500 3000

Flux (ions/em?-sec) 3.1x1013 3.1x1083 3.1x1013 3.1x1013 1.1x1016 2.3x1015

Peak Damage Rate .075 075 .075 075 | 1.0 075
(DPA/sec)

AHggq (eV) -.65 -.65 -.65 -.65 -.65 -.65

Cu aHf (ev) 1.20 1.31 1.31 1.20 1.20 1.20

cu aH (ev) 3.34 3.34 3.34 3.34 3.34 3.34

Cu AHY (eV) 0.82 0.76 0.76 0.82 - 0.82 0.82

Cu aHT (eV) 0.12 0.12 0.12 0.12 0.12 0.12

Li aHY (ev) 0.85 0.34 0.34 0.72 0.85 0.85

Li AHT (eV) 0.70 0.67 0.67 0.59 0.70 0.70

Li aHT (ev) 0.12 0.12 0.12 0.12 0.12 0.12

c, 1.7x10°%  3,1x10710 3.4x10-17 2.4x10"1% 2,2x10"1% 1.7x10-0

C; 8.8x1028 1,7x10718 2,0x10-30 1.6x10-4! 1.6x104! 8,8x10-28

va¥ (secl) 8.0x107  1.9x108  4,5x10% 2.3x10° 1.1x10% s8,0x10

vl (sec-l) 5.7x1011  5.4x1011  1.2x1011 1,9x1011 1,9x1011 5,7x1011

wb¥ (sec1) 8.7x108  3.6x107  2.8x10° 3.7x103  3.7x103 8.7x106

w1 (sec-l) 5.7x1011  5.4x1011  1.2x1011 1,9x1011 1.9x1011 5.7x1011
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OUTPUT VALUES

TABLE Ib:

FIGURE - 4,112 5a 5b 7 8 11b
(8%=.98)

Li yield" Sy 0.68 0.68 0.68 2.44 0.68 0.68
Cy yield*Sg, 3.98 - 3.98 3.98 4.05 3.98 3.98
cl (steady state) 0.59 0.135 0,135  0.04 0.77. 0.143
Cg (steady state) 0.30 . 0.030 0.027 0.0030 0.38 0.0016
33X subsurface 0.66 0.115  0.17 0.21 0.91 0.086

(steady state)

>

*SLi,Cu = YL?,CU/CEi,Cu.Where YLi,Cu is the number of sputtered atoms per

incident ion.
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