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WORKSHOP ON SPUTTERING CAUSED BY PLASMA

(NEUTRAL BEAM) SURFACE INTERACTIONS

Argonne National Laboratory

July 9-10, 1979

INTRODUCTORY REMARKS

Charles R. Finfgeld
U.S. Department of Energy

During the past few years, there has been a very significant
expansion of the existing data on sputtering as it relates to first
wall. problems in thermonuclear fusion devices. This has resulted
both from identification of the problem by program management with
corresponding funding emphasis, and through intensified effort on
the part of investigators in the field. Simultaneously, through
the application of diagnostics in confinement experiments’ as well
as calculations in design studies, we have obtained a much better
appreciation of the fluxes to be expected from plasmas. The rapid
growth in this body of information makes it essential to draw to-
gether all of the existing data in one place.

The data should be compared with the data needs derived from
our knowledge of fluxes to first walls, followed by identification
of areas which should receive further study in order to round out
the necessary data base for fusion applications. Simultaneously,
this data compilation should be very useful to those conducting con-
finement experiments and design studies. It is my hope that those
' of you participating in this Workshop will succeed in doing these
tasks. ‘ »




FOREWORD

The Workshop on Sputtering Caused by Plasma (Neutral Beam)-Surface Inter-
actions is one of a series of workshops which-was planned by the Plasma
- Interaction Task Group and conducted under the auspices of the Materials
and Radiation Effects Branch, Office of Fusion Energy, U.S. Department of
Energy. The sputtering phenomenon had been identified in the Fusion '
Reactor Materials Program Plan, Section IIT, Plasma Material Interaction
" (DOE/ET-0032/3-July 1978) as a process which contributes to plasma contam-
inant release and to surface érosion of irradiated components. - It was
decided not to include in this workshop an extensive review of the blister-
ing phenomenon, a process which can contribute significantly to surface
erosion under certain irradiation conditions. In view of the large amount
of data available on blistering relevant to fusion, a separate workshop on
this topic may be organized in the future. This workshop was held to
review the existing data base (experimental and theoretical) for sputtering
relevant to plasma-wall iunteractions, to identify existing gaps in the
data needed ‘for the fusion program, and to discuss priorities of the work
which needs to be done.

These workshop notes consist of an introduction by Dr. Charles Finfgeld,

U.S. DOE, a statement of the objectives of the workshop, a brief summary
of the work which needs to be done for the fusion program, together with
an indication of the prlorities The major part of these notes consists
of summaries of the existing data base prepared by individual authors

. who are expert in the field.

We would like to thank the following authors for preparing summary notes:

. Biersack, Hahn-Meitner Institute, Berlin, Germany and
Riccato and W. Kaczerowski, Techn. Univ., Berlln, Germany

. L. Cecchi, Prlnceton Plasma Phy31cs Laboratory

. Devoto, Lawrence Livermore Laboratory

. Dylla; Princeton Plasma Physics Laboratory,~ %

. Emmert, University of Wisconsin-Madison

G. Haggmark, Sandia Laboratories-Livermore

T. Hogan, Oak Ridge National Laboratory

Krauss and R. B. Wright, Argonne National Laboratory

B. Roberto,- Oak Ridge National Laberatory

R. Rye, Sandia Laboratory-Albuquerque

Singef and - D. Post, Princeton Plasma Physics Laboratory

. Smith, Argonne National Laboratory

NY O WG e o Gy

. Wilson and W. Bauer,’Sandia Laboratories-Livermore



In addition,'we wouidAalso like to acknowledge gratefully the valuable
verbal contributions made by the following workshop attendees not listed
above: ' ‘

J. Bohdansky, Max Planck Institute, Garching, Germany
C. Finfgeld, U.S. Department of Energy |

T. Kammash, University of Michigan-Ann Arbor

J. Khan, Lawrence Livermore Laboratory

R. Langley, Oak Ridge National Laboratory

D. Mattox, Sandia Labbratories—Albuquerque

G. M. McCracken, Princeton Plasma Physics Laboratory
(visiting from Culham Laboratory UKAEA Research Group)

M. T. Robinson, Oak Ridge National Labo:atory

The workshop was preceded by an information meeting held at General Atomic,
San Diego, California, April 30-May 1, 1979. This meeting was attended

by many of the authors listed above, and it was held to plan the agenda

for the workshop, to identify the people to be invited to the workshop,

and to discuss the scope of the subtasks to be handled by the individual
authors.’

“

The workshop summary notes of individual authors were collated by C.
Finfgeld and M. Kaminsky. .The summary of the workshop disucssion was
prepared by M. Kaminsky, who also prepared the final version of the pro-
ceedings for publication.

It is with pleasure that we thank Mrs. Lee Northcutt, Mrs. Laura Hins and
Mrs. Connie Bury, all at Argonne National Laboratory, for their secretarial
assistance. . 4

Joe N. Smith, Jr. " - Manfred Kaminsky
General Atomic Argonne Nationmal Laboratory

Co-Chairman A Co-Chairman




(1)

(2)

(3)

4)

WORKSHOP OBJECTIVES /

Assessment of the needs.for sputtering data by those who
develop plasma impurity codes and provide estimates of
surface erosion rates in existing plasma devices, near-
term devices, and future fusion reactors.

Assessment of the available data base on sputtering rele-

vant to plasma-wall interactions. Assessment of the sta-

tus .of different theoretical approaches for sputtering
calculations.

Assessment of the gaps in the data base which need to be
filled for the fusion program. Assessment of the required
improvements in the theoretical approaches for sputtering
calculations. Discussion of priorities for the work to be
done in the future. '

Prepare a workshop report which will include the assess-
ments mentioned above under (1)-(3) and the supporting
documentation used for the presentation of subtasks during
the time of the workshop and given earlier at the time of
the information meeting on Sputterlng, San Diego, April 30,
May 1, 1979.



SUMMARY OF WORKSHOP DISCUSSIONS

‘A review of the workshop discussions on the needs for sputtering data
and for improvements of the theoretical approaches for sputtéring cal-
culations relevant to the fusion program will be given first. This.
will be followed by a discussion of the priorities for the experimental
.and theoretical work which needs to be done in the future. Finally,
these proceedings contain the contributions of authors who had been in-
vited to assess (1) the available data base on sputtering relevant to.

- plasma-wall interactions and (2) the status of -different theoretical
approaches for sputtering calculations.

Needs for Sputtering Data Relevant to the Fusion Program

The importance of a LOmpLehenSlve data base for phy51ca1 sputtering
relevant to the fusion program was stressed during the discussions.
During the last few years significant advances have been made in gather-
ing relevant sputtering data and in improving theoretical approaches for
sputtering calculations. More detailed descriptions of the present
status of the available data base are given in the reports of individual
coordinators, and are included in these proceedings. In turn, a list of
high priority experiments which need to be performed is given on pages

7 to 8. Several attendees, some of whom are working on the development
‘of codes for plasma impurity transport, prepared a comprehensive list of
the important types of information on physical sputtering which one
would like to have for the fusion program. The list is given in Table 1.

Several attendees pointed out that at the present the state of plasma
theoretical models is such that it would not be necessary to know the
sputtering yield values better than within a factor of two in the near
future. One exception to this is the sputtering yield for 20-100
keV/amu H and D on metals (C, Fe, Ti, Mo, W). The flux of these neu- -
trals which come from the portion of the neutral beam which was not
stopped by the plasma, can be estimated quite accurately, and thus
accurate sputtering rates can be used. Furthermore, it was stressed
‘that it would be desirable to determine yield values .for a selected
number of materials (some of those listed in Table 1) which have re-
ceived different surface treatments, for example, such as (1) plasma
cleaning, (2) degreasing (without plasma cleaning), (3) coating under
in-situ conditions. Finally, for the determination of sputter yields of
first wall materials under plasma radiations the use of in-situ detec-
tion techniques (e.g. laser fluorescence spectroscopy) was recommended.




v

Table 1.

'Experimental Data on Physical Sputtering Needed for Fusion Applications

Energy Range for In-
cident Projectiles

Incident Project-
ile Species

Target Materials’

Quantities to be Determined

~

0.1 to 1.0 keV/amu
(including plasma
radiations with
broader encrgy

" spectra)

Plasma Fuel Pro-

Elemental Mater-

jectiles: (e.g.
H, D)

Fusion Reaction
Products: (e.g.
He)

Plasma Impurity
Projectiles: (e.g.
Li, B, C, O, Ti,
v, Fe, Ni, Cu, Mo,
W)

ials:
c, Al, Ti, V, Cr,
Fe, Ni, Cu, W)

Alloys: fe.g.
steels, V(Ti),
V(T1i,Cr)]

Compounds: (e.g.
TiB,, TiC, B,C)

(e.g. Li, B,

(1) Total Yield Values for Elemen-
tal Materials.

(2) Differential Yield Values for
the Constituents of Alloys and
Compounds.

(3) Angular Distribution of Sputter-
ed Species [(i) for normal inci-
dence, (i1) for near-grazing angle

of incldencel.

(4) Energy Distribution of Sputter-
ed Species [(i) peak region of dis-
tribution, (il) width of distribu-
tion at half maximum].

The items listed under (1) to (4)
should: be determined as ‘a.function of
dose (particularly for "gas loaded
surface regions") angle of inci-
dence, and surface microstructure.

1.0 to 100 keV/amu

i, D, He

Same as above.

Same as above.

0.1 to 1 MeV/amu

H, He

Same as above,

R

Same as above

—

Gaps in the Data- Base on Chemical Surface Effects Relevant to the Fusion Program

Major gaps in the existing data base, which were identified by attendees,
are listed below:

chemical reactions between active forms of hydrogen iso-
HY) and surface atoms (molecules) are assisted by

different types of radiation (e.g. o-particles, electrons, Y-rays). For
example, determine. if the reduction of oxided surfaces by active forms
of hydrogen isotopes is enhanced (or diminished) by coincident radiationms.

Establish if the simultaneous interaction of different types of plasma

radiations will affect the kind of chemical reactions mentioned above

Establish if -the erosion of first wall surfaces under plasma irradiation

(and injected neutral beams) is affected by chemical surface reactions
(e.g. determine erosion yields).

Istablish if the release of plasma contaminants from first wall sur-

faces is affected by chemical surface reactions (e.g. determine yields,
species of released particles, energy and angular distributions of
released particles).

(1) Establish if c
topes (e.g. HO,
(2)
under (1).
(3)
(4)
(5)

Establish if changes in the chemical composition of first wall surfaces

(particularly. for low-Z coatings, such as C, B4C, B) occur under irra-
diations with hydrogenlc plasmas or simulated plasmas or neutral deuterium

beams.
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Gaps in the‘Théoretical Approaches for Sputtering Calculations and for
the Modeling of Plasma-Wall Interactions

The following major improvements needed in existing theoretical approaches
were ldentified:

(1) 1Incorporate more adequately the angular-energy distributions of
sputtered particles. The influence of the angle of incidence and
of the incident partlcle ecnergy on these distributions should be

included.

(2) Provide improvements to make the approaches more applicable to
technological surfaces which can be found in existing devices and
will exist in future fusion reactors.

(3).}Incorporate'chemical surface effects.
(4) Assess. through senSitivity studies the relative importahde of chemi-
"cal surface composition and of physical surface heterogeneities

1(e.g. roughness, grain size) for sputtering calculations and.the
.modeling of plasma-wall interactions.

Priorities for the. Experimental and Theoretical Sputtering Work to be Done

Discussions of priorities for the experimental and theoretical sputtering
work to be done in the near future concluded the workshop discussions.

It should be pointed out that the discussions of the priorities for-
studies of chemical surface effects were cut short for lack of time.

‘The following major priority items were identified:

(l). Determine total yleld values for a limited number of elemental mate-

rials and, in addition, differential yield values for the constituents

of selected alloys and compounds (e.g. coatings and claddings mate-
rials) under energetic light ion bombardment (1.0 to 100 keV/amu for
'H and D, -and 1.0 to 1 MeV/amu for He) The experimentally determlned

yield values should. help to establish scallng laws and be useful for
‘plasma-wall interaction modeling.

(2) Determine both total and differential yield values for low enérgy »
ions (0.1 to 1 keV/amu for H, D, He, B, C, 0) for selected special
materials such as coatings and claddings.

(3) For a limited number of elemental materials and of alloys and com-
pounds (e.g. coatings, claddings) determine for the irradiation
conditions listed above under (1) and (2) the following paraméters
and/or quantities:




(4)

5)

(6)

(D)

(8)

‘(a) "he angular and energy distribution of sputtered species as'a

sunction of the angle of incidence and of the primary ion energy

(at least for mormal incidence and for an angle between 70°

and 80° with respect to normal). It was felt that in.the de-

termination of the energy distribution the accuracy for the

measurement of the peak.intensity and for the intensities of

the high energy tail would not have to be better than a factor

of two. ) . ' \

(b) .The different types of sputtered species released (both charged
and uncharged, atomic and molecular). ' : ' l

(¢) The effect of surface roughness on total yields, differential . \
yields, and the angular distribution of sputtered species (for
example, use polished surfaces and 'technological" surfaces
which are characteristic of those used in plasma devices).

(d) The effect of gas loading of materials (e.g. gas trapping of
incident H, D, He ions) on yield values and energy distributions.

Determine for a very limited number of materials selfsputtering yields
for the energy region of 0.1 to 1.0 keV/amu.

Determine for a selected number of materials the ylelds and velocity

_ distributions of particles sputtered by plasma radiations in existing
“devices. For these measurements the use of in-situ techniques is

recommended.

Determine the overall surface erosion yields (caused by the simulta-

neous occurence of sputtering, blistering, flaking) for the selected

systems and conditions described above under (1), (2) and (3).

Establish if the erosion yields of first wall component surfaces
under either ion beam and/or plasma irradiations are affected by
chemical surface reactions., Some of these studies should be conduct—
ed in the presence of hydrogen gas and with in-situ monitoring
devices.

Incorporate more adequately the angular-energy distributions of

'sputtered particles into existing theoretical approaches. Improve

the modeling of plasma-wall interactions by incorporating more ade-

. quately the angular and energy dlstrlbutlons of species sputtered

from 'technological' surfaces.



SPUTTERING DATA REQUIREMENTS FOR

TOKAMAK TRANSPORT CODES
C. E. Singer and D. E. Post

Princeton University Plasma Physics Laboratory

Princeton, N.J. 08544

I. INTRODUCTION °

The requireménts of tokamak transport codes for sputtering data can be summarized

as follows. . Sputtering data must be .provided which are relevant to working tokamak
environments. In order of decreasing importance, the required data are total sput-
tering yields for a variety of materials bombarded by hydrogenic ions and typical
tokamak impurities with energies from 0.1 to 1 keV, and possibly for hydrogenic

ions from 20 to 100 keV/amu, energy distribution of sputtered atoms, angular distri-
bution of sputtered atoms, and species composition in any rare case where 'neutral
atoms are not the domlnant species sputtered.

This data is used to analyze and predict impurity behavior in current and future
large tokamaks, and to try to find ways to minimize the impurity levels in the
discharge. Sputtering of the wall and limiter by charge-exchanged neutrals,
untrapped beam ions and neutrals, and ions at the plasma edge is a real and poten-
tially lethal source of impurities. Accurate sputtering data will assist in the
quantitative understanding of impurity source mechanisms. :

.II. RELEVANCE TO TOKAMAK ENVIRONMENT

Sputtering measurements must, of course, pertain to surface'and plasma conditions
which are-actually obtained in a tokamak environment in order to be useful for

‘transport simulation codes. Ideally .this means in situ measurements with simul-

taneous diagnostics of the plasma edge region conditions. At the very least it
means surface and bombardment conditions which approximate or lend understanding

to those which occur in a tokamak environment. For example, the BALDUR one dimen-
sional transport code has concentrated on modelling of sputtering by charge exchange
neutrals incident on the plasma wall, with the result that comparison of the code
with PLT results indicates that this mechanism is not an important problem for the
generation of high impurity levels in PLT. On the other hand, variation of the
metal ‘target or wall potential in small tokamaks has.indicated that sputtering by
charged ions accelerated through .a plasma sheath is important in such devices [1,2].
These results, together with a wide variety of surface analysis data, indicate that.

"low accuracy in situ estimates of sputtering (preferably in combination with.compre-

hensive diagnosis of the plasma edge conditions) may be much more useful than higher
accuracy sputtering measurements which are not directly relevant to 1mpur1ty gen-
eration mechanisms in situ.

1-1




An addition, a variety of dramatic changes in surface conditions have been shown

to occur during tokamak operation. Therefore, a detailed study of materials which:
have been exposed to a tokamak enviromment or prepared in a way which allows sputtering
measurements to give insight into the sputtering mechanisms which occur in situ

would be more valuable at this point than higher accuracy measurements of : sputterlng

on simpler surfaces.

I1T. DATA REQUIREMENTS

In discussing data requirements for tokamak simulation codes, one must differentiate
between the rather rudimentary needs of present codes and the somewhat more compre-
hensive needs of codes which may be developed in the future. Present codes give a_
crude estimate of the actual production of sputtered materials but are potentially
useful for surveying the wide variety of materials which have been used or proposed
for use in tokamaks. For example, one of the main effects of impurities is to
radiate power, and the BALDUR code includes relevant atomic physics for 48 different
elements [3]. There is thus a need for developing (and documenting the limitations
of) general sputtering models such as that of'Bodhansky [4]. The immediate need for
" more detailed sputtering tables, at least at PPPL, is concentrated on materials which
are being considered for use in TFTR, including graphite, niobium, molybdenum,
titanium carbide, titanium diboride, boron carbide, titanium, vanadium, and zirconium.

The accuracy required in these general sputtering models and in tabulated data is
determined by the detail which can be sensibly included in the transport code. Ideally,
the inaccuracies in the input data are sufficiently small that they do not add notice-
able uncertainty beyond that inherent in the limitations imposed by other data and the
assumptions used in the modelling theory. Tor present models of the tokamak edge region
this probably requires only on the order of a factor of two accuracy in the overall
sputtering yields; the tolerable inaccuracy in the sputtering data can be expected to
decrease very slowly as transport models are improved.

Thus given the wide variety of materials which may be used in tokamaks, sputtering
models which summarize results for a variety of materials are useful. For existing,
rather unsophlstlcated edge models, generality may be more useful than extreme
accuracy in energy or angular distributions of the sputtered atoms.

To summarize, the primary immediate need for transport modelling is the total yield
(for realistic surface conditions) for sputtering by hydrogenic ions, a represen-
tative highly stripped low-Z ion, and an ion representative of self-sputtering, with
energies in the 0.1 to 1 keV/amu range typical of tokamak edge conditions for existing
devices and pro;ected reactors.

There is also interest in sputtering by beam-injected .hydrogen and deuterium near
20-40 keV/amu may be of interest in existing tokamaks. There may also be conditions
where sputtering by 120 to 160 keV deuterium ions injected into advanced tokamaks
may be important. At neutral injection energies, particular attention should be paid -
to the low angles of incidence typical of unconfined beam. particles incident on
toroidally extended surfaces. Since the flux of high energy neutrals from the beam
"shine~through'" can be more accurately calculated and measured than the other neutral
fluxes, accurac1es better than a factor of two (~ 30 50%) would be useful.

1-2




A moderate resvlulion of the energy spectrum of sputtered neutral atoms is useful
for modelling their penetration into the plasma. The tokamak geometry and source
distribution of sputtered neutrals are not sufficiently well defined in existing
- codes to make more than a minimum of energy resolution sensibly usable, however.

The angular distribution of sputtered neutrals is only of interest in transport
modelling insofar as it deviates markedly from a 'cosine' distribition. Requirements
for yield as a function of incidence are similarly limited to a need for a rough
measure of this effect. An exception to this is the yield as a function of the angle
of incidence for high energy neutrals from the neutral beam "shine-through'.

The composition o[ sputtered particles is only of significant interest for transport
modelling if there is not a single neutral species which is the. dominant component .
of the sputtered material. :

The problem of developing a truly guantitative code for modelling the edge region
in a tokamak is complicated by the need for two or three dimensional geometry includ-
ing complicated magnetic geometries and rapid spatial variations in plasma parameters,
the existence of plasma. flows and sheath potentials, and the need for an accurate
treatment of multispecies transport in this environment including all of the relevant
atomic physics. Only when these problems have been solved would detailed energy and
angular distributions (e. g., % 20%) be of use in sputtering measurements (and, of
course only if the measurements referred to realistic surface counditions). It should
therefore be evident that less detailed sputtering data will suffice for some time to
come. In particular, the main item of interest for global transport codes is the
‘ depth of penetration of impurities into the plasma, which is dominated by the energy
distribution of the neutral sputtering products. The angular distribution of the
sputtered neutrals also influences the penetration depth. But the angular distribu-
tion will only have a significant effect if it differs markedly from distributions
known to be typical of sputtering. Also, the location and geometry of the most
important sputtered surfaces must be reasonably accurately modelled betore information
about angular distributions is useful. The one exception is -the sputtering yield
from the high energy neutral beam atoms which are not stopped by the plasma and
_strike the opposite wall, in which case the neutral flux and wall geometry can be
fairly accurately determined. ' ' -
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1.

! SPUTTERING -DATA NEEDS FOR MODELLING TOKAMAK
TRANSPORT IN.HIGH BETA EXPERIMENTS

J. T. Hogan
Oak Ridge National Laboratory, Oak Ridge, Tennessee

General Remarks

Sputtering of the first wall by hot charge exchange neutrals has been
recognized for many years as potentially a fundamental barrier to long
pulse operation of a fusion reactor. The source of this energetic flux
of neutrals is unavoidable, at least in designs without a divertor, but
the remedy for dealing with it is also well known: lower the edge tem-
perature of the plasma. By lowering the temperature of the plasma in
the region where the bulk of the charge exchange emission is formed, one
may hope to decrease the resulting sputtered flux of impurities to the
plasma and even eradicate this source, if the neutrals' energy can be
kept below the sputtering threshold of the first wall/limiter material.

This is the "conventional wisdom" for dealing with sputtering as a
source of impurities, but recent trends in reactor designs may force a
reassessment, and a greater urgency for needed information on sputterng.
It'has become apparent that the highe ossible -

PP ghest possibl B( = 2u l’dvg nT/B )
(n, T plasma density, temperature) must be attalned in -reactor de81gns
While present experiments. are focussed on maximizing T(O),,B(O),_(l e.,
peak values in the core) the long term trend must be to improve bulk

" plasma confinement. This means that there is an inevitable pressure,

for economic reasons, toward raising the edge temperature and densities.
The point at which it is no longer beneficial to raise B will probably
.be determined by the balance between the incremental neutron production
resulting from higher T, on the one hand, and the plasma degradation
(shorter pulse, lower confienment time,...) resulting from the incremen-
tal ‘rise in sputtered impurities. The sputtering mechanism is not
drastically visible in present-day experiments, which-are limited by

- short pulse neutral beam technology. It is, however, an ingredient in

one of the fundamental tradeoffs B vs Zefg) which w111 determine the
operating characteristics of a fusion reactor.

Data Needs

Sputtering data for the wall materials typical of present and planned
experiments, resolved in energy and angle, has been obtained by many
workers. Much of this data is not useful for transport modelling,
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‘however, because it has been obtained by using large bombardment doses.
Thus, processes such as flaking, blistering and exfoliation of surfaces
. may be contributing to the measured yield. Transport calculations re-

quire knowing the prompt response to an incremental fast neutral flux.

"While high bombardment dose sputtering experiments provide useful .data

for reactor-life erosion rates, they cannot be used in transport models
in a meaningful way.

Hence, information needed for transport modelling.on.light ion (H, D,
T, Hy) sputtering rates as a function of .energy and angle of incidence,
and energy and angle of reflux, seem to be lacking for almost all
materials of interest. Again, we emphasize that high dose experiments
give only a rough guide.

This data is expected.to be critical in the next year or two, when
high-power injection experiwments on ISX-B, PDX, PLT and Doublet III pro-
-duce results.” Even with relatively short beam pulse lengths, the high
power (6 MW in the PDX case, 8 MW of beam + RF for PLT) should produce

a detectable effect. The interpretation of these results will be diffi-
cult, if not impossible, if the sputtering yields are not known to
within “v 20% for laboratory surfaces, and with some estimate of the
changes to be expected in dealing with the real engineering surface of
the experiments.

The prompt emission of charge exchanfe neutrals which are produced by

~_ trapping incident injected beam atoms .will generate a sizable number of

impurity atoms by sputtering of the wall. This charge exchange efflux
can be measured, and if the sputtering yields are known only to within

a factor .2, then this prompt flux contribution will be wrongly identified
and will be combined with- the thermal and arcing contributions. This

. problem is 1mportant for the PDX 6-MW injection experiment and the

ISX-B 3 MW experiment. It is crucial for the Doublet III 80 kV 1n3ect10n

experlments if densities above 1014/cm‘3 cannot be obtained.

The energy and angle ranges of interest are, of course, well known.
However, for neutral beam injection experiments special attention should
be paid to near-grazing incidence in the 10-40 keV (H®) energy range. -
Particles injected against the plasma current direction are often
trapped in the plasma on orbits which lead quickly to the wall and
grazing collisions may contribute substantially to the observed lack of
efficacy of counter injected beams.
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Plasma Impurity and Buildup in Mirror Devices

) R. S. DeVoto
Lawrence Livermore Laboratory, Livermore, California 94550

Two types of mirror devices are currently under intensive study in fusion
laboratories: the field-reversed mirror and the tandem mirror. Currently,
the largest effort is devoted to the tandem mirror, and the emphasis in
this report will be on that device. Some preliminary considerations for
the field-reversed mirror are covered in Reference 12.

The effects of impurities are much different in the end plugs and central
cell of the tandem mirror. The end-plugs are much like the standard
minimum-B mirror.’ Only those ions with energy

are confined. ¢ is the ambipolar potential, R is the mirror ratio and Ze
is the ion charge. For typical conditions we have ¢ N5 Te and R N 2 so
only very high-energy impurities will be confined in the plugs, the re-
mainder being swept out the end in a transit time. Even high-energy im-
purities will not build-up but will be lost in the time it takes to drag
down to the loss boundary. It is easy to show that fully stripped carbon
and titanium will be confined for approximately 0.2 and 0.02 times as long
as deuterium in the end plugs. A sketch of the loss region in velocity
space is shown in Figure 1. -

The situétion for the central-cell is much different. 1In th.s case all,
low-energy ions are confined; only those ions with

En K,Z ¢i

being swépt out. In this case, the ion containing potential ¢i,is'approxi-
mately T,. The loss region is shown in Fig. 2. The ion confinement time
out the open end scales as (Pastukhov)

nTp a'mlzzTi 3/22¢i exp (Z¢i/Ti)
= . ' —

Z T,
1

where m is the ion mass and the ion temperature Ti N 2T,. We thus find
the ratio of confinement times of an impurity to & deuteron is

T (2w =_%_<% V2 o [22-1)] -

T (1,2).
p ‘
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* with the rosults for C A 9000 and Ti @ 4 x 107, - Clearly, impurities
‘must find :heir way out radially or be diverted before reaching the.main
central-ce:.1l plasma. ‘
Because of the poor.confinement of high Z ions in standard mirrors, few
studies have been made of impurities. In recently completed work, _
Drakel3 found O, N, C and Ti in the 2XIIB plasma. The O and N evidently
comes from the neutral beams, the C from the getter wires and the Ti
from sputtering of the titanium evaporated onto the wall during getter-
ing operations. A calculation by Rognlien of the effect of the same
“amount of Ti on TMX operations shows that T could be reduced from 200
to 100 eV. No other code results are yel available for the effect of
impurities on mirror plasma. .
In lieu of further code results and/or experimental results on tandem
mirrors, needs can be estimated from references 1-11 and.unpublished
material at Lawrence Livermore Laboratory. The T™™XL has just-begun
operation with neutral beams accelerated to 20 keV(D") and soon will use
beams to 40 keV. MFTF2‘6 will begin operation in the early 1980's, ini-
-~tially with neutral beam potentials to 80 keV (DY) and later, with

longer pulse beams to .150 keV (D) or perhaps, 200 keV (D~). Reactor

' studies indicate the need for beam energies to 500 keV (D™). We thus
project the need for sputtering data on neutral-beam dump materials, such
as stainless steel or titanium, to energies of 500 keV. Data for charge-
exchange neutral energies to 500 keV off typlcal wall materials.is also
desirable.
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'F1QQQe 1 - Sketch of loss boundary for ions contained in tandem-mirror
end plugs. The asymmetry due to the presense of the central
cell is ignored.
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Needs for Sputtering Data in
. Fusion Reactor Design

G.A. Emmert

-Summary

1. The liner of a toroidal reactor is bombarded by charge exchange
neutrals with a broad energy spectrum covering the range from the sputtering
threshold to roughly 10 keV. The incident angular distribution is also
‘rather broad (0 to ~ 600 from the normal).

2. The limiter or target plate of a divertor is bombarded by fuel
ions, alpha particles, and impurity ions. These particles hit the surface
primarily at normal incidence with a fairly monoenergetic distribution.

The energy can range from .~ 500 eV to .~ 10 keV for singly ionized ions de-

‘pending on whether the device has a limiter or a divertor and the degree of
recycling and radiation at the edge of the plasma. Multiply charged ions

. have correspondingly higher energy because of acceleration across the
sheath at the surface of the 11miter or target plate. :

3. Determ1nat1on of the extent to which impurity atoms get into the
major plasma depends primarily on the energy distribution of the sputtered
atoms and secondarily on their angular distribution. In addition, one )
needs, of course, the sputtering yield as a function of the incident energy
and angle for various reactor candidate materials.

Supporting Material

Sputtering in fusion reactors is a source of concern primarily because
it contributes to.the production of impurity atoms and, secondarily, be-
cause of erosion of wall material. In toroidal devices, the primary sur-
faces undergoing sputtering are the liner, which sees the charge exchange
neutral flux from the plasma, and the limiter or divertor target plate,
which is bombarded by hydrogenic ions, alpha particles, and impurity ions.
In addition, because of toroidal field ripple, suprathermal alpha particles
can bombard the liner in localized zones. It is difficult to be very
quantitativeabout the energy spectrum and magnitude of the fluxes bombarding
the surfaces; they are sensitive to both uncertainties in plasma transport
coefficients and design options, such as shallow versus deep pellet re-
fuelling or gas refuelling, impurity concentration, type of divertor (if
any), possibilities for enhancing recycling in the boundary zone, etc.

The numbers given here are mea?t to be "ball park" estimates typical: of
current power reactor designs.'" .

F1gure 1 shows the energy spectrum of the charge exchange neutral
atoms reaching the liner for various refuelling profiles in a tokamak reactor
‘w1th a poloidal divertor.4 Large & corresponds to shallow refuelling; this
increases the neutral flux to the liner but also cools the edge of the plasma
and thereby causes the energy spectrum_to be_colder. The total charge ex-
change flux to the liner is ~ 1016 c¢m=2 sec-1 in these calculations. The
angular distribution of the charge exchange flux originating at a given
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optical depth and reaching the Tiner is shown in Fig. 2. These results in-
dicate that sputtering yields are required for a broad energy spectrum
(threshold to ~ 10 keV) and a broad incident angular distribution in order
to dete§m1ne the impurity generation and erosion rates. The divertorless
tokamaké would have a colder charge exchange spectrum and hence is contained
as a subset in the above energy range.

In addition to the charge exchange neutral flux, the liner can be bom-
barded by suprathermal alpha particles,®»6 which in the course of their
slowing down from 3.5 MeV can be trapped in the toroidal field ripple and
drift to the liner before scattering onto confined drift surfaces. It has
been estimated that as much as _50% could escape in this way with a typical
energy of several hundred keV.® Careful magnetic field design can reduce
this effect, but localized bombardment by high energy alpha particles is
always a possibility. Such particles are likely to bombard the liner at
grazing incidence. ' :

The bombardment conditions at the surface of the limiter or divertor
target plate are rather different from those at the Tiner. In front of this
surface, there is a plasma sheath with a potential drop of the order of
(3-4)kTe/e. The ions are accelerated across this sheath and become fairly
monoenergetic in the forward direction (F1g 3), although they can still be
Maxwellian in the transverse direction. ' In order to reduce the surface heat
flux, it is customary to incline the surface at an angle to the magnetic field;
this spreads the total heat load over a greater area. Consequently, the ions
can approach the sheath with grazing incidence; acceleration across the -
‘sheath, however, turns the ion trajectories so that they hit the surface with
essentially normal incidence, assuming T; = T,. The dominant part of the
. energy spectrum of the ions hitting the surface can range from . 10 kev3s/
(with an unload divertor) down to ~ 500 eV (divertorless machine with
- a lot of recycling and/or impurity radiation at the edge) for singly ionized
ions. Impurity ions with a charge Ze have an energy Z times higher and
consequently can play a substantial role in sputtering gf the surface when
the plasma edge is colder. Secondary electron emission 29,10 can reduce the
?heath ?otent1a1 and hence the energy at which the ions hit the surface
Fig. 4

The determination of the impurity concentration in the main plasma
depends not only on the total sputtering yield, but also on the angular and
energy distribution of the sputtered atoms as they leave the surface. A
divertor or limiter can shield the main plasma from impurities to the extent
that the impurities are ionized in the scrape-off zone (or limiter shadow)

- and flow parallel to the magnetic field to a target surface. (This also

promotes high Z sputtering of the target). The probability of an impurity

atom passing through the scrape-off zone without ionization is given in Fig. 5
for various angular distributions of the sputtered atoms as a function of the
optical depth, u. The kinetic energy of the atom enters into u, which is
inversely proportional to its velocity. As shown in Fig. 5, the surviving neutral
atom flux is exponentially dependent on the velocity of the atoms, but is not

so sensitive to their angular distribution.

To the extent that a fraction of the sputtered atoms leave the. surface
as positive ions, the rate of erosion and impurity production is correspondingly
reduced. This is, because the ionized atoms can be turned back to the surface
by the electrostatic sheath or by the magnetic field. The charged fractions
are worthy of consideration only when they get close to unity.
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The above considerations are based upon conceptual tokamak reactor
design experience. Similar considerations apply to other toroidal devices
without substantial change. These considerations also apply qualitatively
to mirror reactors, except that the bombarding energies are potentially
much higher and the ambipolar potential in a mirror excludes impurities from
the plasma. Accumulation can occur in the central cell of a tandem mirror,
but this requires that the impurities enter across the magnetic field, as
in a toroidal device, since the ambipolar potential of the plug excludes
their en?Yy parallel to the magnetic field. These effects have been reviewed
by Post. . .
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EXPERIMENTAL OBSERVATIONS OF SPUTTERING IN TOKAMAKS

H. F. Dylla

Princeton Plasma Physics Laboratory

ASSESSMENT

There :is qualitative evidence to indicate that ion sputtering within the
scrape-off plasma and, to a lesser extent, charge exchange sputtering of - the
vacuum vessel wall are significant mechanisms for high Z impurity contamina-
tion of plasmas in present generation tokamaks. A quantitative correlation
of tokamak impurities with sputtering effects will require more extensive
impurity studies of the edge plasma.

High power neutral beam injection will enhance a number of sputtering effects
within the bulk plasma. Intrinsic neutral beam impurities are most likely
the result of sputtering effects within the ion source. Detailed experimental
measurements of these effects remain to be done. ‘

INTRODUCTION

Although sputtering is assumed to be an important impurity generation mechanism
in tokamak fusion devices, there is a lack of experimental evidence for the
existence and relative importance of. sputtering in present-generation toka-
maks.li2 One reason for this anomaly is the small number of published impurity
studies. Secondly, post~operative analyses of tokamak components which could
be expected to exhibit the most obvious effects of sputtering, such as limiter
and neutral beam armor, are often obscured by melting and ablation. Thirdly,
ion temperatures and pulse lengths of existing tokamaks have not been of
sufficient magnitude for charge-exchange neutral sputtering of wall components"
to be definitely identified. This report briefly reviews the available experi-
mental evidence for sputtering in tokamaks by dividing the observations into
three categories: (1) ion sputtering of limiters, divertor plates, and

probes introduced into the edge (or "scrape-off") plasma; (2) charge-exchange
neutral sputtering of wall components; and (3) neutral beam effects which in-

" clude, lost orbit effects, increased charge exchange sputtering, direct beam
sputtering on armor plate, and sputtering in the iom source and optics.

I. ION SPUTTERING IN THE EDGE PLASMA

A tokamak limiter or divertor plate, by definition, is a surface that is in-
troduced into the plasma at radii smaller than the wall radius to intercept
plasma flux. This interruption of the flux lines usually results in an
exponential decrease in plasma density across the radial projection of the
surface, (the "scrape-off" layer). For this reason limiter and divertor
plates and any grobes introduced within the plasma scrape-off layer are ex-
posed to 103-10 larger ion fluxes than the vacuum vessel wall. Thus, ion
sputtering effects should be proportionally larger on such surfaces.
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Recent measurements in PLT3 have obtained the mean energy and flux of inci-
dent deuterium which impacted a carbon probe introduced within the edge
plasma (Figs. 1-4)., The mean Dt energies fall from ~600 eV at the poloidal
ring limiter radius to 100-200 eV at the normal wall position. The measured
flux falls by two orders of magnitude over the same distance. Integration
of the measured flux over the first two cm of the scrape-off region gave a
total erosion rate of 0.5-1.5 x 1019 atoms s=1 for stainless steel. This
rate is sufficient to_account for the globally-averaged Fe influx rate esti-
mated at 0.5-1.5 x 1019 s~1 from spectroscopic data%, assuming a Tp = 10 ms.
These measurements indicate the importance of hydrogenic ion sputtering for
impurity production in tokamaks but do not prove that such sputtering is the
dominant mechanism. Estimateg'of the impurity introduction rate under simi-
lar conditions due to impurity ion sputtering- or unipolar arcing of the
limiter>s>6 give impurity introduction rates of the same order of magnitude.

A number of studies in other tokamaks have concluded that impurity ion
sputtering of the limiter is an important mechanism for metal contamination
of plasmas.’»>8 Measurements of impurity fluxes in the edge plasma9,7
generally indicate fluxes 102-103 times smaller than the hydrogenic flux;
however, the net contribution to sputtering is enhanced for impurity ‘ions by
their larger mass and multiple charge which results in a higher impacting
energy after acceleration through the sheath potential.

Spectroscopic studies of jimpurities introduced from biased probes in the
DIVA8 and MacrotorlO tokamaks show that ion sputtering is an important pro-
cess when sheath potentials are greater than ~50 eV. However, studies of
the correlation of limiter potential with impurity generation in a tokamak
have not been performed. -

Macroscopic erosion processes which occur on limiter and divertor plates,
such as arcing, melting, and evaporation, .often dominate the surface morphol-
ogy, thus preventing the observation of surface changes induced by sputtering.
No topographical effects characteristic of sputter damage have been observed
on limiters or sample probes introduced into PLTS, DITE 1, or TFR.12 However,"
characteristic sputter cones have been observed on the gold limiter of

DIVA.13

II. CHARGE EXCHANGE SPUTTERING OF THE WALL

There are numerous calculations and computer codes which include charge
exchan§e sputtering of the wall as the primary source of metallic impuri-
ties. Again, the experimental evidence 1s lacking in present- generation
tokamaks to designate this process as the dominant metal impurity generation
mechanism. One problem is absence of any measurements of the low energy
charge exchange flux. Two types of particle energy analyzers are presently
being prepared for tokamak measurementsls, and it is likely that surface
probes will also be useful for these measurements.16 Estimates of the charge
exchange outflux (~3 x 1015 cm=2 at ne(0) =1 x 10 13 cm'3) and characteristic
energy (~100 eV) in PLT have been obtained from the previously mentioned
surface probe study.l3 Integrating this flux over the torus area and
multipling by a typical stainless steel sputtering yield (~.01) results in
.an Fe iaflux rate (~10 19 - ) of the same order as that produced by ion
sputtering of the limiter. However, measurements of the high energy charge




exchange fluxl’ and Ho emissionl8 have shown that there are substantial
toroidal and poloidal asymmetries in the charge exchange flux, thus an
average value based on a single position measurement is a dangerous extra-

polation,.

A few time-resolved studies of impurity behavior during neutral beam heating
have been performed. 19-22 However, the data are insufficient to asseéss the
role of increased charge exchange wall sputtering on the observed increases -
in impurity radiation.

),
i

It is important to emphasize that microscopic examination of samples exposed
. at the wall of PLT5 TFR23 and DITE# have always shown deposition rather than
erosion, and no surface changes characteristic of sputtering have been ob-
served (i.e., smoothing of edges, or preferential sputtering). As higher
central ion temperatures are reached with auxiliary heating, and as the pulse
length is extended, charge exchange sputtering of the wall should have more
of an effect on plasma parameters. However, charge exchange erosion of the
wall will always compete with deposition from localized sources (i.e.,
limiters, beam dumps, etc.).

" III. NEUTRAL BEAM EFFECTS . .

Apart from increased eharge eichange wall sputtering during neutral beam"
heating, there are additional sputtering effects related to neutral beam
inJectlon'

1) Some fraction of the injected neutral beam, depending on the beam energy,
plasma density and path length; will penetrate the full plasma path length
and sputter the opposing vacuum vessel wall (or neutral beam protective
plates). The energy distribution of this "shine-through" fraction is the
¢same as ﬁhe incident energy distribution. For present generation neutral
beam sources (40-50 keV), the effect can result in substantial sputtering and
blistering of the affected surface. '

(2) Some fraction of the injected neutral beam will not be confined after
ionization and will leave the plasma volume on "bad orbits." The fraction

of injection particles on bad orbits is typically 10-20% and depends on the
plasma current, density and injection geometry. Most bad orbit particles
will probably be intercepted by the limiter resulting in increased sputtering.
of the limiter by higher energy particles. -

(3) Impurities intrinsic to the neutral beam are most likely introduced by
sputtering within the neutral beam ion source and acceleration grids. Recent
measurements of the purity of the ORNL/PLT neutral beam sources<® have
detected a number of beam impurities (most notably Cu, Fe, Cr and W) traceable
to materials used iwthin the neutral beam optics (see Table 1) The develop-
ment of low Z, low sputter yield coatings for source components, and specific
. ion source conditioning techniques, or the additional complication of mass
selective hardware in the beam<line may be necessary to minimize ion source
impurities.
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PRELIMINARY RESULTS:
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15.

TABLE 1

50 Shots on N.B. Test S;and
(40A, 30 keV H for 100 ms)

Fe Cu W_(Ta) Al

NeuTRAL BEAM IMPURITIES

52 Shots 1n PLT
(=1 MW p° Injection for 200 ms) °

Fe Cu W (Ta) Ti

<1 4.0 <0.05 1.0

Fraction in
Beam {v)

1.2 1.3 0.05

“in Beam!

Total Img?rity

(ol!?)

2.1 2.3 0.09

<l,2 4.8 <,06 -

_Fraction in

Impurity

PLT at
A= 2x10 3/cc
(v)

0.26 0.29 0.01 -

(a) 2'0 MeV "He ion backscattering measurements on Be.and Si target samples.

;b).,The simplifying assumptions used in these calculations are discussed in Ref. 24
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SURFACE EROSION DUE TO SPUTTERING

o . - Joseph L. Cecchi .
‘ Princeton Plasma Physics Laboratory .

- SUMMARY

Table I summarizes the estimated rates of erosion due to sputtering
in various classes of tokamak fusion devices. The only situation ‘in which
macroscopic erosion will occur is in reéactor-like devices where ion sputter-
ing of the limiter/divertor will result ‘in a erosion rate of > 1 cm/yr and
charge exchange neutral sputtering of the first wall could cause erosion
at a rate as high as 5 mm/yr. In reactor devices smaller rates of erosion,
which could be important for coated components, will occur due to neutral
beam bombardment of protective plates (~ .2 mm/yr.). In near term devices,
such as TFTR, ion sputtering of the limiter/divertor will cause ~ 20 um/yr
"of erosion, while neutral beam sputtering of the protective plates will
result. in-a .~ 2 ym/yr. rate. For present devices erosion due to sputtering
is negligible. - -

TABLE I

ESTIMATED EROSION RATES

' COMPONENT 3 S L
DEVIGE - FIRST WALL .. LIMITER/ : PROTECTIVE
o - DIVERTORT PLATET

PRESENT - | NEGLIGIBLE. - NEGLIGIBLE NEGLIGIBLE -
NEAR TERM 'NEGLIGIBLE 20 ym/yr. 2 m/yr.
REACTOR A <5 mm/yr. > 1 cem/yr. .2 mm/yr.

fl—lOZ of first wall area

+T~lOZ of first wall area
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I. ’Introduction
o

In addition to sputtering -being an. 1mportant mechanism for
introducing impurities into fusion plasma devices, it will also effect
changes in the surface of materials. Such surface erosion has a
number of potential consequences. The surface recession due to
sputtering can be important in its own right in a high duty factor
reactor environment or, under less severe conditions, where a surface
~is covered by a thin (~10-50um) coating ‘as is anticipated in some
present and near term.devices. Selective erosion of one of the
constituents of an alloy can change the surface composition in some
materials, possiblc affecting plasma contamination. Changes in
surface morphology due to sputter-induced erosion, such as a rough-
ening of the surface could, ledd to changes in the recyclingrcharacter-
istics of the plasma working gas. Surface modifications can also
change the emissivity of a material and thus affect its thermal
evolution. Finally, local sputtering will result in the eéroded
material redepositing on other surfaces in the plasma vacuum vessel.
In addition to the changes in these surfaces, the freshly deposited
material will trap H-isotcpes, possibly causing increased tritium
retention. :

The need for data and calculations to determine the importance
of sputter-induced erosion ususlly coincides with the needs for esti-
mating plasma contamination due to sputtering. One exception is the
case of a neutral beam.striking an armor plate, where localized sputter-
ing may be unimportant from a contamination point of view, but signi-
ficant in terms of local erosion and redeposition of eroded material.

In-this report the erosion problem is examined for various
components in a typical tokamak fusion device including: (1) the
first wall, (the vacuum vessel wzll or liner) where charge exchange
neutrals are predominantly responsible for sputtering; (2) the
limiter or divertor neutralizer plate, where ion sputtering due to H
isotopes and impurities is important; and (3) the protective plates
(armor) where sputtering due tc the unabsorbed fraction of the neutral
injection beams is important. The emphasis in this report is on the
surface recession due to erosion, since the incidence of the more subtle
consequences discussed above is difficult to anticipate. - Where experi-
mental evidence-exists on the. oOccurrence of some of these other pro-
cesses (e.g. redeposition) it is 1ncluded
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II. First Wall Erosion

Sputtering of the first wall in a fusion device can occur as a
result of bombardment by neutrons, energetic He, H-isotope ions, im-
purity ions, and charge exchange neutrals. Fach of these will be
considered.

A. Neutron'Sputtering~

Because the neutron sputter yield is only ~10—4 [BEH 77] the
erosion rate from neutron bombardment of the first wall is insigni-
ficant. For UWMAK III, for instance, it would 'be less than ZOOO'R/yr.

B. He Sputtering

The surface recession due to energetic He sputtering is inconsequen-
tial.  Bauer et al. [BAU‘79] have shown, however, that He blistering can
‘be a problem in' materials where surface removal rate due to sputtering is
sufficiently low.

C. H-isotope Ionmns 4 ‘ -

Cohen et al. [COH 79A] have estimated that the energy of D+ ions
striking the wall in PLT is -100 eV. The flux is more difficult to
measure, but has been estimated [DOE] to be ~101 lben2sec—l. If we
assume a large duty factor characteristic of a reactor, the H-isotope
sputtering of Fe (using a sputtering yield of ~10"° [NIS 79] would
result in an erosion rate of only ~0.4 um/yr. It is unlikely that
this would be an important -erosion mechanism even under reactor- llke
_condltlons ’

D. Impurity Ions

The sputtering yield for heavy impurity ions can be greater than
that for H-isotopes by a factor of ~100 [NIS 79]. The flux, however,
should be smaller by at least that factor so it is likely that the
effect of 1mpur1ty ion sputtering will be comparable to that for H-
isotope ion-sputtering as far as the first wall in concerned.

E. Charge-Exchange Neutral Sputtering

The total charge exchange flux for NUMAK [UW] is 1.7 x'1017cm_zsec_l
with ag effective temperature of ~200 eV. Taking the sputtering yield to
be 10 (typical for 200 eV pt bombarding 304SS [NIS]), the etosion rate
would be ~5 mm/yr. The large charge exchange flux in NUMAK is peculiar
to that device, however, and almost certainly represents an ugzer 11m1t
In UWMAK II, for example, the charge exchange flux is ~7 'x 10 2gec™
with an effectlve temperature of -8 keV. Taking the sputtering yield to
be ~2 x 102 we get an erosion rate of only 40 um/yr.

: Near term devices such as TFTR will have a charge exchange flux of
~3 x 1019cm=2sec™ l, a most probable energy of ~300 eV [COH 76}, and a
low duty factor. For a typical Fe sputtering yield of 0.02, the erosion
rate would be an inconsequential 0.3 um/yr.
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II1. Erosion of the Limiter or Divertor Plate

The limiter or divertor plate in present, near term, and reactor
tokamak devices will be subjected tc H isotope ion fluxes of ~10 19¢m-2
sec™1 [DOE] and impurity fluxes in proportion to the level of plasma
contamination. The energy of these ions is affected by their charge
and the edge electron temperature which determines the potential of
the sheath (~ 3T ) through which the ions fall as they strike the
limiter/divertoreplate. In PLT the energy of Dtions stiiking the
limiter has been measured [COH 79] to be ~ 400 eV. This result is
inferred from the implantation profile of D in a graphite collector
which is scanned through the plasma scrape- off

In TFR 400, Staudenmaier et al. [STA 78] observed both erosion
"and deposition of Mo occuring on a carbon probe in the scrape-off
region. The rates for -each of these processes fell off strongly
with increasing distance beyond the limiter, with the erosiom rate
falling off faster. They inferred that the erosion was caused by
sputtering of the Mo limiter due to oxygen ions (possibly multiply
charged) accelerated by the plasma sheath potential. Investigations
of impurities redeposited on the walls of TFR 400 [SCH 78] show a
correlation between loczl concentrations of redeposited limiter
material and trapped deuterium, showing the important connection
between limiter erosion and enhanced tritium retention.

In PLT, Cohen et al. [COH 78] concluded that oxygen ion sputter-
ing of the W limiters was an important mechanism responsible for the
observed redeposition of W on a surface probe near the wall.

Results from DIVA [OHA 78] show cone formatlon due to iomn
sputtering on a gold guard limiter exposed to 104 discharges. Ion
sputtering is identified as the dominant erosion mechanism of the
limiter during the quiet phase of the discharge. Other devices in
which ion sputtering of the limiter is a significant erosion mechanism
are JFT-2 [GOM 79] and.Macrotor [ORE 78].

Because of the considerable ion fluxes, especially the multiply
charged impurities, the limiter ercsion.rate in near term devices
such as TFTIR could be ~20 um/yr or more. This would be a problenm,
if low Z and medium Z coatings (10-50 pm) are used to improve the .
surface characteristic of the limiters. Candidate materials for
limiters in TFTR are listed in Table II. ‘

For a reactor, ion sputtering of the limiter/divertor will
present the most severe protlem since the erosion rates will be
very large (> 1 cm/yr.). The need for sputtering data in this
case coincides with the need fcr such rates to determine plasma

-contamination.  Possible materials for reactors are reviewed by
Conn [CON 78].
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IV. Erosion of Protective Plates

In tokamaks employing neutral beam heating, the vacuum vessel
wall must be protected from the unabsorbed fraction of the neutral
beam during normal operation, as well as the full neutrzl beam flux
under various fault conditions or when the plates are used in a
calorimetric mode. The heat loads on the plates are particularly
severe in the latter cases (3—14MW/cm2) and erosion due to melting
"or sublimation may be important,

The candidate materials for TFIR protective‘plates are listed
in Table II. Assuming that 10% of the high energy component of the
neutral beam is not absorbed by the plasma, Das et al. [DAS 79]
estimate from sputtering measurements that ATJ graphite protective
plates in TFTIR would erode at the rate of -2 um/lO4 discharges (an
estimated one year running time). Since ATJ graphite probably
represents a worst case from an eresion point of view this would
not seem to be a problem for near=term devices, .

For a reactor which may have 102 greater duty factor than TFTR,
the erosion rate would be ~.2 mm/yr,, assuming the same beam energies
and fluxes. This clearly represehgs an important erosion mechanism
and sputtering yields for the candidate materials should be determined
for the relevant neutral beam energies.

TABLE II

CANDIDATE MATERIALS FOR TFIR

Limiters/Protective Plates
Vacuum Vessel

. Coatings Claddings
Wall Bulk ~30um _ , ~0.5mm
SS(304LN) Graphite (ATJS) TiB2 v
Inconel 625. . " Nb TiC Ti
Mo _ B,AC Ni
N\
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LIGHT ION SPUTTERING YIELDS

J. B. Roberto
Solid State Division
" Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

SUMMARY

The presént status of light ion sputtering yields is reviewed. The
emphasis is on total physical sputtering yields for hydrogen isotopes and
helium, and on those parameters which affect total yields such as angle of
incidence, dose and temperature. Two energy regions are distinguished; a
low-energy near-threshold region characteristic of plasma ion temperatures
and a higher energy region characteéristic of neutral beams and energetic
alphas. In each case, the existing experimental data are reviewed and
compared with theoretical predictions for total yields and angular, dose
and tewmperature effects.

For low-energy sputtering, exten31ve total yield measurements have
been reported recently for light ions on a wide variety of metals, metal
carbides and oxides, and on iron and nickel alloys. The normal incidence
yields can be described by an empirical relationship involving ion and
target mass and surface binding energy. Angle of incidence effects in
light ion sputtering have been studied less extensively, but can be
described adequately by a (cos 6) dependence except for the lightest
ions at higher energies. Temperature effects are not significant in
physical sputtering by light ions but can be important when the sputtering
is dominated by chemical processes.

 For high-energy sputtering, there have been very few experimental
measuréments for light ions. The existing yield data are described
approximately by Boltzmann transport theory although substantial quantita-
tive differences have been observed in some cases. There are no measure-
ments of angle of incidence effects for higher enmergy light ions although
significant deviation from the magnitude of angular effects observed at
"lower energies 15 not expected.

In summary, the existing experimental data and empirical relationships
for low-energy light ion sputtering are adequate for factor-of-two estimates
of total yields in all materials and compounds where the sputtering 'is
- detetrmined by collisional effects. -For higher energy light ions (E >10 keV),
existing theéories predict the correct energy dependence of the sputtering
but overestimate the yields by factors of as much as ten in some cases.
Angle of incidence effects have not been studied extensively but the
-available data can bé modeled adequately using transport theories.
Temperature effects are unimportant in collisional sputterlng by 11ght
ions. Overall, physical sputtering yields by light ions are understood
adequately for the present needs of the fusion community with the exception
of additional experimental measurements for specific materials at low doses
and in the high energy region.
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1. Introduction

The physical sputtering of solid surfaces by light ions has been
studied for astrophysical considerations and more recently for its
possible role in wall erosion and impurity introduction in fusion 1
devices., Much of the early literature has been reviewed in two monographs.
More recent results,can be found in review articles™ and in an annually
updated tabulation. The most extensive data for low-energy %ight ion
sputtering are found in a recently prepared research summary. In the
following, the present understanding of light ion sputtering yields is
reviewed. The emphasis is on total physical sputtering yields for hydrogen
isotopes and helium, and on those parameters which affect total yields
such as angle of incidence, dose and tewmperature.

b

2. Low-Energy Sputtering :

The low-energy or near threshold region includes incident light ion
energies from the sputtering threshold (typically 100-200 eV) to the
maximum in the sputtering yield (1-3 keV). More generally, this region
is characterized by values of the Lindhard dimensionless energy parameter
£ £ 0.3 corresponding to the maximum in the nuclear stopping cross segtiona
Low-energy light-ion sputtering is not well understood theoretically, but
can be significant in fusion devices since the low-energy region incorporates
maxima in both the light-ion flux to the wall and the sputtering yield.

Normal Incidence Yields. Low-energy light-ion sputtering yields
have been investigated systematically over the last few years for a wide
variety of targets including many metals and proposed coating materials.
The ion-target combinations for which fairly complete energy-dependent
H, D and He sputtering data are available are listed in Table I. Specific
results for B,C, C, Ti, stainless steel and Mo are shown in Figs. la-e.
Most of the normal incidence measurements have been performed using
gravimetric techniques although other methods such as Rutherford backscatter-~
ing have led to similar results. Much of the available data are tabulated
in references 4 and- 5. : A :

The low-energy sputtering yields for a large variety of ion-target
combinations show similarities if the energy dependence is characterized
" by a parameter E/E__ where E is the ion energy and Eth is the threshold
for sputtering as determined from the -surface binding energy. This 1is
illustrated in Fig. 2 where normalized sputtering yields for a wide
variety of ion~target combinations are shown to fall on a universal curve.
Absolute yields for a §igen ion-target combination can be described by the -

empirical relationship’’

Y= 64 x 1070 M, Y3 g M (1 - 1pn?/ (1)
where M, is the target atomic mass number, Y= 4 M) Mz/(M1.+ M2)2 is the
maximum elastic transferred energy and E' = E/E_, . The solid curves in

Figs. la-e are given by Eq. 1 and represent an éxcellent fit to the experi-
mental data. Eq. 1 is accurate to within a factor of ~2 for normal inci- -
dence light ion sputtering yields for most targets for energies up to

20 E .~ : e '
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The results of Figs. 1 and 2 demonstrate the importance of the thres-
hold energy in describing low-energy sputtering yields. For mass_ratios
Ml/MZ $0.4, the threshold energy for sputtering can be written™’ ’

By T /YY) 2)
where Ep is the surface binding energy. Threshold energies for a variety

of ion-target combinations are given in Table 2. For E__ not listed in

the table, an estimate based on Eq. 2 taking Eg as the sublimation energy

is usually adequate. ‘

:Angle of Incidence. The variation of light-ion sputtering yields
with angle of incidence has been studied less extensively, although a
somewhat representative group of metal targets has been investigated, as
indicated in Table III. Specific results” for 1-8 keV H, D and He sputter-
.ing of Ni are shown in Fig. 3. Additional data are tabulated in reference
5. . For the lightest ions at the higher energies, the yields increase .
significantly as grazing incidence is approached and can be more than ten
times greater thanp normal incidence yields. The increase is somewhat faster
than the (cos 6) = dependence of the energy deposited in the near surface
region. This faster than cosine dependence probably reflects anisotropies
in the development of the collision cascade.

,For heavier ions at lower energies, the angular effects are less
pronounced. This is a consequence ‘of increased reflection of the sputtering
beam at grazing incidence for heavier and less energetic ions. This result
has been observed in computer calculations” for the case of 3 keV particles
on Cu. Grazing incidence can be approached more closely for lighter ions
at the same energy resulting in greater sputtering yields. -Angle of
incidence effects are probably not significant for ions heavier than He in
fusion devices.,

The angular efffgts have been modeled using a sputtering code based
on a transport model” "~ which removes the approximations of the Sigmund
theory which are objectionable for light ions. -As shown in Fig. 4, the
agreement between theory and experiment for 4 keV H on Ni indicates a
reasonable understanding of angle of incidence variations in sputtering.

In particular, the angular effects are primarily kinematic and related to
calculable quantities such as reflection and cascade geometry which scale
with incident energy and ion and target mass.

) Flux and Dose Effects. There have been very few measurements of flux-
and dose effects in light-ion sputtering. The results of a recent measure-
ment ;| for H sputtering of Au are summarized in Fig. 5. These results
indicate algonstant sputtering yield for 0.5 and 1.0 keV H on Au at doses
between 107 and 10 "/cm”~. On the other hand, laser fluorescence measure-
ments ~ for H sputtering of Fe show a significant suppression of the Fe
yield for doses below 10 ' /cm . '

Non-linear effects in sputtering due to flux and dose are related
primarily to target loading by the incident ions and to surface effects
‘such as oxide layers and surface topography changes. Target loading
effects hav?3been studied for a hypothetical Fe-H system by computer
simulation. The results suggest that the presence of H can decrease the
metal atom physical sputtering yield by as much as a factor of two as
compared with the pure metal at high (~ 100 atom per cent) H coacentrations.
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Oxide layers have also been shown to reduce bulk yields and may-account
for the low irdtial Fe yield reported above. The surface condition can
influence not only total yields but also the charge state of the sputtered
particles which affects their behavior in the tokamak. A proper evaluation
of flux and dose effects in tokamaks is closely related to the condition
of the surface region and is therefore best studied in situ.

Temperature Effects. For heavy ions, increases in sputtering yields of
several orders of magnitude have been observed at high temperatures.
These results are explained in terms of a thermal spike model where the
spike temperature becomes sufficiently high for evaporation to overtake
" collisional sputtering. This mechanism is not important in light-ion ~
sputtering since the energy density in the cascade is too diffuse for a
significant spike effect,

Nevertheless, temperature variations have been observed in H sputtering
of C, stainless steel and SiC. or carbon,ld increased yields of up to a
factor of ~10 have been reported ~ at higher temperatures and are related
to the formation of CH, at the surface of the carbon. In stainless steel,.
an increase in the sputtering rate of a factor of ~2 is observed at 400 -
500°C. This increase correlates with changes. in'the surface composition
due to diffusion processes in this temperature region. The erosion yield °
of 8iC"" shows a slight increase ( ~30%) at 600° C as compared with the room
temperature value.

Overall, temperature effects are not considered important in physical
sputtering by light ions since only a small amount of the particle energy
is deposited in nuclear motion. Chemical sputtering effects, however, are
very sensitive to temperature and can result in 51gn1f1cant yield increases
at higher temperatures, particularly in graphite. -

16

- 3, High-Energy Sputtering

The high-energy region includes light ion energies greater than the
maximum in the auclear stopping, generally above a few keV. Sputtering
at neutral beam energies (up to ~100 keV) and by fusion alpha particles
(up to 3.5 MeV) fall into this category. High energy sputtering can be
described approximately by amalytical solutions to transport equations.
although quantitative differences between experimental and theoretical
yield values have been observed. ‘

Normal Incidence Yields. There have been very few measurements of
light-ion sputtering yields in the high-energy region. The available
experimental data are summarized in Table IV and include no results for
stainless steel or for MeV He sputtering. ,The most extensive results are
for Cu  where H, D and He normal incidence yields have been measured
over a con31derab1e energy range. These resulfs re tabulated in Table
V and compared with predictions of the Sigmund transport theory.
The agreement between theory and experiment is generally within a factor
of two and is also observed for high energy light-ion sputtering of B, Ag,
anngu. On the other hand, hydrogen-isotope sputtering yields for

and Mo~  are ~5 times lower than theoretical values. In general,
the Sigmund theory predicts the correct energy dependence of the
sputtering and is useful as a first estimate of light-ion physical
sputtering yields at high energies. A better estimate of the sputtering
"yield is often obtained by normalizing to the experimental value at the
peak of the sputtering curve and extrapolating to higher energies
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assuming a 1/E dependence as predicted by Sigmund. This 1/E dependence
for high energy light-ion sputtering is illustrated in Fig. 6 for the
case. of Cu and Nb ‘targets. Most of the available data in the high-energy
region is tabulated in reference 4.

Angle of Incidence. There are no measurements of the variation of
light ion sputtering yields with angle of incidence for energies above
10 keV. It is expected, however, that the magnitude of the increases in
yield . observed at grazing incidence at high energies will not be signifi-
cantly greater than observed at 10 keV. This is a consequence of the
partial offset of increases in angular effects due to the closer approach
angles allowed at high energy by the decrease in the nuclear stopping -
cross section above 10 keV, :

Flux, Dose and Temperature Effects. No significant‘variations are
expected for physical sputtering except possibly at low doses. (see
discussion under low energy sputtering). : :

4. Preferential and Non—Collisional Sputtering

Preferential sputtering of alloys and compounds generally leads to
depletion of the surface layers in the lighter component of the material,
For TaZOS’ it has been shown™ = that the changes in surface stoichiometry
due to sputtering are related to projectile mass and energy. This suggests
that the preferential sputtering is a dynamical energy-transfer effect.

For carbides,  the energy dependence of the yields follows that of the
heavy component indicating that the threshold for steady-state sputtering
is determined by the heavier atom. The sputtering yields of multi-component

"systems generally follow the elemental yields when characterized by. an

N

appropriate binding energy.

Non-collisional sputtering can include. chemical, electronic excitation
and thermal evaporation mechanisms. Chemical effects can increase hydrogen-
isotope sputtering yields by an order of magnitude or more over collisional
sputtering. These effects are described in detail elsewhere in these

" proceedings. Electronic excitation and thermal evaporation mechanisms are

important in alkali halide systems where charge transfer processes and low
vapor pressures can lead to increased yields. There 1is evidence that
electronic excitation processes also contribute to the very high sputtering
yields of water ice” and condensed gases. For insulators and ceramics,
the possible role of electronic effects has not been established although
resulté from light-ion sputtering of Al O3 Be0O and B suggest that collis-

ional sputtering is the dominant mechanism in these materials .
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Tables

Table 1. Materials for which energy-dependent normal incidence sputtering"
yields are available for low-energy H, D and He. Materials in
parentheses have less complete yield data. (refs. 4 and 5)

Elements

Be, C, Al, Si, Ti, (V), (Cr), Fe, Co, Ni, Cu, (Zr), Nb, Mo,
(pd), Ag, Ta, W, (Ir), (Pt), Au, (U) ‘

Compounds and Alloys

A1203,‘B4C,‘Be0, Ni-alloys, SAP, SiC, Si0O,, stainless steels,

TaC, Ta,0_., TiC, WC, ZrC :

2’
2°5°

Table II. Threshoid‘enefgies for light-ion sputtering. (ref. 5).

Target' Eth(eV)

11 ) D 4He
Al : 53 34 o 20.5
Au ' 184 - 94 hh
Be R 27.5 24 33
C . 9.9 11 . 16
Fe . 64 40 35
Mo ' 164 86 39
Ni 47 32.5 20
Si 24,5 17.5 14
Ta : T 460 235 100
Ti | 43.5 22
v 76 27
W 400 175 100
Zr 60

Table III. Materials for which sputtering yields are available for low-energy
light ions as a function of angle of incidence. (refs. 4 and 5)

Materials
" Mo, Ni, . (4, D, He)
Nb (D, He)
Au : (H,D)
TaC, W o (H)
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. Table IV. Materials for which energy—-dependent normal incidence sputtering.
"~ yields are available for high-energy H, D and He. Materials in-
parentheses have less complete yield data. (ref. 4)-
Elements
(B), (¢), (Ti), Cu, Nb, Ag, (Ta), (Aw), U
‘Table V. Comparison\of higﬁ~energy normal incidence sputtering yields
for H, D and He on Cu with theoretical predictions based on

Sigmund theory (& = 1)

Energy . ' Yields (Experiment/fheorx)

(keV) H D - He

10 : .016/.017 .062/.035 .23/.26
20 .009/.012 .040/.024 .18/.27
30 .006/.009 .030/.018 .15/.26
50 .004/.006 .019/.013 . -
100 - +008/.007 -

.002/,004
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Fig.

Fig..

Fig.
Fig.
" Fig.

Fig.

Figure Captions

Normal incidence low-energy Sputtefing yields for H, D, and 4He
ions on (a) B,Cc, (b) C, (c¢) Ti, (d) 316 and 304 stainless
steel, and (e) Mo. The solid curves are calculated from Eq. 1

uéing E_, from Table II. (ref. 5).

th

Universal behavior of the normalized sputterlng y1e1d in the
threshold region (ref. 7).

Variation of the sputtering'yield with angle of incidence for
low-energy light ion sputtering of Ni (ref. 5).

Sputtering yield dependence on angle of incidence for 4 keV H
on Ni (ref. 10).

Total sputtered material vs ion dose fqr'O.S and 1.0 keV H on
Au (ref. 11).

Energy dependence of the normal incidence sputtering y1e1d for
light ions on Cu and Nb. The dashed line represents the 1/E
dependence expected at high energies from Sigmund theory.
(refs. 3 and 4).
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SPUTTERING BY PLASMA IMPURITY IONS (Z > 2)

Joe N. Smith, Jr.
General Atomic.Company

SUMMARY

Very little information exists on the sputtering of prospective first
wall/limiter/divertor materials by heavy impurity. ions such as‘Cr+, Ni+, Fe+;
Cu+, Ti+, Mo+, w+, Ta+, C+, O+,»N+; etc. While estimates to within a factor
of 2 to 4 can be made from rare gas data or extant theory in many caseé,

supporting data for heavy impurity ions is required as a function of:

a. energy from about 1 to 5 keV,

b. doseé rate, at least to high enough dose rates to establish the

threshold for non-linear effects, if any,

c. target temperature up to temperatures beyond which mechanical

properties degrade,
d. incident angle,

e. suriface morphology and contamination.




DISCUSSION

Most of the high Z sputterlng data currenLly avallable is summarized
in Figures 1-3. These data are for normal ion incidence on room tempera-
ture targets and, for the most pqrt, with no indication of possible dose
rate effects. From the liwmited data alreédy available, it is clear that,
since high Z sputter yields can be > 1, impurity sputtering may‘be signifi-
cant even at low plasma impurity levels. Limited data for Cu+‘+ Cu indi-
cates that the incident angle dependence agreeé with sec 6, at least out to
® = 50° with respect to the normal. .Figure,h stiows the self ion sputter
yield for a number of elemeﬁts as reported by Almen and Bruce.] However,
Andersen and Bay2 have "subsequently suggested'tﬁat much of the indicated
variation may result from dose rate effects which were not investigated in

the original work.

Although éxperimental data on sputtering by imﬁurity ions is very
limited, a large numbexr og sfudies have been performed using rare gas
ions.3 To within a faétor of 2 to 4, the extant impurity ion data agrees
with tHe rare gas ion data above about 1 keV., Thus, at 10 keV, tﬁe yield
for Cul (M = 63) > Cu is bounded within 25% by the yield for Ar (M = 40) -
Cu and Kr+ (M = 84) > Cu. Further, theoretical models as discussed‘by
Haggmark elsewhere in this report are much more reliable for heavy ions
than for light (Z = 2) ions. Therefore, first approximations to impurity
ion sputtering may be made by inference but must be vefified by direct.

experimental measurement when accuracy is within less than a factor of 2 is

desired.

The possibility of significant changés in the sputter yield due to
the ion dose rate and the surface temperature. are much more likely in the
case of impurity ion sputtering than in the case o[ plasma ion sputtering.
Both possibilities result from the larger energy density in a collision
cascade for heavy ions, leading to non-linear effects as the dose rate is
-increased and also possible localized evaporation if the bulk temperature

is already elevated for other reasons. Dose rate effects for heavy ions are ..
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clearly indicated in earlier work2 and must also be iﬁQestigatedlfor specific
iﬁpurity ions in.sufficient detail to establish a threshold dose rate for
non-linear behavior, at least up to rates on the order of 1018 ions sec

cm2 which may occur on divertor plates. Similarly, temperature effects
should be investigated up to anticipated operating temperatures, thch, in
general, would not. exceed about 60% of the melting temperature due to

structural considerations.

There are several aspects of tbkamak operapioh which dictate that the
energy range for which impurity ion sputtering data is required is different
from fhat for plasma idns (Z =2). Due to the preéence of multiple charge
states for the "impurity ions, the energy of such ions dropping through the
sheath potentiail will be several times that of the singly charged plasma
ions. Fgrther, the occurrence of charge transfer impurity neutrals origi-
nating from the high temperature core of the plasma is highly unlikely.
Thus, the energy range of interest for impurity ion sputtering is.rather

limited, being confined largely to the low keV region.

The impurity ions for which sputter yields are required are those-
formea from materials and gaseous cbntaminants frequently found. in tokamak
plasma chambers. Primary interest is to be attached to those ions-arisiné
from the stainless steels (Fe+, Ni+,,Cr+), ions formed from adsorbatés or
gaseéus'contaminants (e.g., C+, O+, N+) and those arising from limiter/
divertor regions (é.g., W+, Ta+, Ti+). Surfaces for which impurity ion
yields must be determined include the stainless steels (including, e.g.,
Inconél and Nicofer), refractories (e.g., W.and Ta) and getter materials

(e.g, Ti). These requirements can be restated graphically as follows:

Ion . A Surface
Fe+, Nif, Cr+‘q : * [ stainless steel (may be
C+_ approximated by elemental Fe,
ot o Ni or Cr)
N T Y
wh, Tat . Ta
rs’ ) A
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f" Sputtered particles which enter the edge plasma region may, through
collisional processes, become ipﬁized‘and returned to the wall with insuf—
ficient energy to givé rise to significant sputteriﬁg and may stick to the
surface. This fresh metal surface will act as a getter affecting the par-
ticle balance in the edge plasma and, in addition, may produce a transient
deposit which dispiays considcrably'different sputtering behavior than the
bulk material. This latter effect would result from surface migration, for
times long compared to a -surface vibrational period (’\1.10_13 seé);.the lowef
attendant surface binding energy could give‘riée to increased sputteriﬁg.
Thus, although not directiy related to impurity ion sputtering, sticking
coefficients of metal atoms on metal surfaces in the range from v 2 to
v 100 eV in. the presenqe-of simulténcous'ion bombardment are of interest

and not feadily obtainable from the literature on ion plating or elsewhere.
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ENERGY AND MASS DISTRIBUTIONS OF SPUTTERED PARTICLES

A.R. KRAUSS and R.B. WRIGHT
Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

INTRODUCTION

This review is primarily concerned with aspects of sputtering as they
relate to plasma contamination of a magnetically confined fusion device.
experimental methods used to study secondary ions are quite distinct from
those used to study sputtered neutrals. The results are dissimilar and the
significance for plasma impurity levels is quite different. For this reason,
the datd has been-'divided into four categories: 1. energy distributions of
neutral sputtered particles, 2. energy distridutions of secondary ions,
3. mass spectra of sputtered neutrals and 4. mass spectra of secondary ions.
The existing (June 1979) relevant data are summarized in tables 1l-h.

Primary interest lies in low energy light ion sputtering although high
energy light ion erosion occurs in neutral beam dump areas and is therefore
also of -some interest. Heavy ion self-sputtering will occur at first wall and
limiter surfaces, although presumably to a smaller extent than that associated with
light ion sputtering. For experimental and historic reasons, almost all sputtering
. datahave been obtained using Art, Kr* or Xe' as the bombarding particle.. For
the most part, the resulting yields and kinetic energy distributions of sput-
tered atomic species are described by tlLe Sigmund-Thompson random collision
cascade (RCC) model (135). To a large extent self-sputtering can therefore be
simulated by extrapolation from bombardment with the appropriate inert gas -
ions. The data listed in the tables represent only a small sampling of the
literature on bombardment by Ar+, Krt and Xe'. Complete references, however,
are to be found at the end of this article and the unabridged tables will be
published separately (11).

For:low energy light ion sputtering, the mechanism is completely different
from that of the RCC model (1). The small amount of experimental data avail-
‘able show that both the kinetic energy distribution of sputtered atoms and
relative abundances of the sputtered molecular species depend on the projectile
mass and that this dependence is especially pronounced for low mass projectiles.
In the many instances for which the appropriate light ion data does not exist,
it is necessary to extrapolate from data obtained with heavier inert gas ion
bombardment. That data should be used only with extreme caution, although same -
qualitative conclusions concerning overall trends are possible.

~ Three types of experiments are listed in tables 1-4. Beam refers to an
experiment in which the sputtering is produced by a well-defined ion beam of
specified composition, kinetic energy and angle of incidence. Plasma refers
to an experiment in which the target is one electrode of a plasma discharge.
This arrangement has drawbacks in that the kinetic energy of the bombarding
particle is not well-defined, the angle of incidence cannot be readily con-
trolled, and impurities evolved from the chamber walls are deposited on the
sample. The major advantage of this scheme is that sputtered neutrals will
be excited or ionized by the discharge and their detection simplified. The:
@grm SIM refers to an "experiment" in which the sputtering events are -
simulated by a computer code.

Except for the plasma experiments, most experimental methods do not reject

the sputtered ions and represent the total yield rather than that of the meu-
trals alone. For most clean metal surfaces, the ion yield is a small fraction
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of the total, and the total and neutral yields are usually taken as synonymous.
It should be noted however, that the error inherent in this assumption is
negligible only if the energy and mass distributions do not differ drastically
for ion and neutral emission. ) o

For compounds, oxidized surfaces and alkali metals, the ion fraction can
lie in the range 50-100% (6,220,402). For near-term plasma devices, such high
ion yield materials will be limited to insulators. Hence the secondary ion
data will be most relevant if it provides information which may be extrapolated
to the neutral sputtered particles. If the energy and mass spectra are
sufficiently different to prevent this extrapolation, the ion component may
then be responsible for some of the structure appearing in the low intensity
portion of the spectra of those experiments which measure the total yield.

Another way of studying sputtered particles is to observe the optical
radiation from excited metastable neutral sputtered atoms. The transport
" properties of such particles in a plasma do not differ drastically from those
of the ground state neutral, unlike the secondary ion case. However, absolute
photon yield measurements by Tsong and Yusui (3) indicate that the excited
fraction of the sputtered atoms dues not exceed 1%. The data does not readily
provide information about the molecular structure of the sputtered particles. -
Average velocities of the metastable atoms have been obtaired but until re-
cently no velocity distributions have been measured by this method. Prelim-
inary velocity distribution results (4) indicate a low énergy cut-off far
above the average ion or neutral velocities. ' Consequently it must be con-
sidered that the details of the excitation process are such that the kinetic-
energies of the metastable atoms are totally unrepresentative of either the
ground state neutral or ionized components of the sputtering yield. This .
class of experiments has therefore been omitted from the tables..

Insofar as is possible, the references cited are all available in
the open literature. The references are cited alphabetically by first
author for each .of the four data categories. For those cases in which a
paper deals with two or more categories it has received a separate listing
in each. One reference (5) is not readily available but should not be
overlooked. The most exhaustive catalog of secondary ion energy distrib-
-utlons available has been compiled by Rudat and Morrison using 5.5 keV

* beams in an ion microprobe. The materials studied are too numerous
tg list here, but the catalog is available from Cornell University
as the Materials Science Rcsearch Center Report #3056.

1. NEUTRAL ENERGY. DISTRIBUTIONS

For 1 keV Ar+ and Xet bombardment of copper, computer simulation (112) .
1ndlcates that the shape of the total energy distribution is independent of
the mass, energy,and angle of incidence of the bombarding ion, in accord with
the random collision cascade (RCC) model of Thompson et al. (135,136). The
experimental results are in approximate agreement with this model, usually
displaying a peak at V3 the surface binding energy, and a high energy tail
which falls off as E-2. However, the predicted dependence on the above three’
bombardment parameters has been tested only on a rather limited range of
materials and even fewer systematic studies have been performed for low energy
light ion bombardment vhere the RCC model is exp°cted to be invalid.

The neutral energy distributions of most elements have been mPasured by

Wehner et al. (130-132) and by Oechsner et 2l. (102,126,127) using plasma
.post-ionization or excitation of the sputtered a»oms_‘ Most of these measuremsntis
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have been done for a very limited combination of beam energies and projectile
masses. For bombardment of copper, Stuart and Wehner (131) found the kinetic
energies of the sputtered neutrals to be roughly independent of the primary
energy but highly dependent on ths projectile mass (Fig. 1). However, this
work was discontinued in 1670 and has not been resumed (7). Consequently
there is not enough data to indiczte whether the behzvior of Fig. 1 is a
general phenomenon. Almost all of the data of Oechsner et.al. and Wehner
et.al. was obtained with bombardmant by Ar* and Xe' at "1 keV and may not

be applicable to light ion sputtering.

Experiments under much better defined bombardment conditions have been
performed, but only for a much more limited range of materials. Extensive
work has been performed on metal halides (117,118,133), but these materials
display sputtering mechanisms which are not typical of metals (133). Time
of flight measurements of sputtered Au and Cu under argon ion bombardment have
been made by Thompson et al. (10%,129,134-136). The technique employed is
limited to those metals which can be readily neutron activated and in fact
has. only been-applied to gold and copper. : .

The general features of the erergy distributions obtained by this tech-
nique are in accord with the -RCC model for room temperature targets. However,
at elevated temperatures thermal emission gives rise to a very pronounced
increase in the yield at very low ion energies for gold (th);' There have
been no other papers to date on the effect of temperature on the kinetic
energy distribution of sputtered neutral atoms. o

The English group (129) has 2lso performed one of the few.studies on the
effect of the angle of incidence (0;) and angle of emission (Be) on the kinetic
energy distribution of the sputtered neutral atoms. They found that for
8 =05 + O significantly different from 90° there was a pronounced increase
in the yield at very high energies, corresponding to recoil emission of sur-
face atoms (Fig. 2). This finding may be especially significant for low
energy, light ion sputtering where the sputtering mechanism is more closely
related to recoil emission than it is to collision cascade ejection (1).
Experimentally, however, the effect was found to depend on the surface structure
and: consequently on the sputterirg history. In general, the recoil emission
only became significant after prolonged bombardment had resulted in faceting
of the polycrystalline surface.

The meximum kinetic energy resulting from low energy light ion bombard-
ment would be much lower than that shown in Fig. 2, but in a neutral beam
injected device there could be a significant number of particles
sputtered with kinetic energies far in excess of those expected for cascade
sputtering. There has been no comprehensive study of light ion recoil
sputtering.

Recently, Doppler-shifted laser fluorescence spectroscopy (DSLS) has
been applied as a means of measuring the Kinetic energies of sputtered atous
(105,106,116,117). Although the technique appears to have a great deal of
promise as a general tool, only a few projectile-target combinations have
been examined so far.
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Surface adsorption changes the surface binding energy and in the colllslon
cascade model, would therefore b= expected to alter the energy distribution.
There have been no studies of this effect on sputtered neutrals to data al-
though a related effect for secondary ions is well known. Most of the avail-
able data were taken under poor vacuum conditions and with uncharacterized
surfaces. Mass spectra of the sputtering products (section 3) often indicates
a high degree of contamination. :

There ‘is no data on the kinetic energies of neutral partlcles sputtered
from alloys. ’ .

The kinetic energy of neutral particles sputtersd from compounds has been
studied only in the context of metal halide targets (116-118,133) where it
was found that the atomic' energy distributions were independent of the compound
(118). A systematic comparison with the correspornding alkali metal was not
performed, but the energy distribution obtained e.g. for potassium atons
sputtered from KI (118) looks quite different from that obtained by other
workers (115) for polycrystalline potassium. Ths metal gives rise to a well-
defined peak at v 1 eV whereas the data for KI indicates a yield increasing
continuously as the kinetic energy approaches zero. Thermal spike emission
in the halide has been ruled out as the reason for this difference (118).

Pfimary current dénsity has been found to have a large effect on the

secondary ion energy distribution (242), but similar experiments have not
been performed for the sputtered neutrals.

2. ~ SECONDARY YON ENERGY DISTRIBUTIONS

Partly because of the relative ease of detection, secondary ion emission
has been studied for a much greater range of paramsters than has the neutral
emission. These parameters include sample temperature (201,223), primary

energy (201,209,212,219), angular dependence (202,211,212,217,219,228 ,232 ,234),

molecular vs atomic nature of the ejected particle (203 205,207,209,210,
212-215,218,219,223,227,230-233,239-241), surface contamination-and oxidation
(203,204,207 ,209,210,212,218-222,227,230,233-238), alloys (205,206,233),
compounds (203,205,213,229,231), current density (2k2) and recoil emission
(219,240). However, very few of these experimentis have been performed with
hydrogen or helium beams (221,232-234) or on surfaces with well-characterized
chemical composition (218-223,233,234). For ion-target combinations which
have been studied in several laboratories, the results have often been in
conflict. ' :

Assuming that secondary ions are ejected by the same mechanism as sputtered
neutrals, their energy dleflbUthn ma" be wrltten

NT(E) = R *(E) N(E) ' . 1.

whefe:N(E) is the energy distribution of all the sputtered particles and
RY*(E) is the probability that a sputtered particle will escape as an ion.
If R*(E) is a slowly varying function of energy, the ion energy distribution

" will look much like that of the neutrals and the secondary ion data can be
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used to obtein iuformation about sputtered neutrals. This has been reported
by several authors to be the case (209,211,229). Other authors have observed
moderate ¢ifferences between ion and neutral behavior (206,207,218,219,220,
221,223,225,226,233, 239) and still others have noted extreme differences
(203 20k, 2lh ,215, 218 ,219,227,228,235-233). Theory is no help in weeding out
erroneous dava since there is no model of generally accepted validity to
describe R? (E). The range of proposed behavior for this quantity is suffic- .
iently broad to permit a wide variety of secondary ion behavior.

A rather striking comoarlson of the Cut energy distribution obtained by
sputtering witn ~ 4O kev Art under nominally similar conditions at three
different lsboratories is shown in Fig. 3. This figure is representative
of the discrepancies observed for a wide range of materials. It is believed
that the difference is largely the resuvlt of differences in surface cleanliness
which has a pronounced effect on the ionization probability. To date however,
very few of these experiments have provided independent means of analyzing
the sputtered surface (218-223,233,234). Additional difficulties may arise.
from uncorrected 1on—opt1cal effects ani varlatlons in instrument response
with ion energy.

As regards the plasma impurity question, the situation may not be as
‘serious as Fig. 3 would seem to indicate. It is the consensus of this
workshop that unless a sputtered positive ion has exceptionally high energy,
it would not penetrate the plasma sheath potentizl and therefore would not
provide a source of impurities. High energy ions resulting from recoil
ejection have been observed (219,220) and might constitute a problem, but
there has been no systematic study of the phenomenon.

Negative ions are produced in large amounts by compounds and contaminated

metal surfaces. There is essentially no data on the negative secondary
ion energy distributions for such surfaces. .

3. NEUTRAL MASS SPECTRA ' .

In part, the topic of this section overlaps with another area of this
‘workshop, reactive sputtering. The distinction between the two areas is
somewhat vague and, in order to ensure that significant amounts of data aren't
lost "in the crack"” some of the results presented in tables 3 and L may
represent an overlap. The data presented here is consequently not intended
.to be as exhaustive as that of the previous two sections.

Ion boxmbardment of clean elemental metal targets will result in the ejection
of metal clusters of various sizes in addition to the more abundant atomic
ejection. Cluster emission is of interest for fusion applications because
the clusters may account for an appreciable fraction of the erosion, because
their kinetic energies are different from that of the monomer, and because
they may have different ionization cross sections. This latter point will
not be dealt with here.
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_p{jfthe atoms within the cluster are eJECbEu as the result of the impact
ci"a single ion, although there is still controversy as to whether the cluster
is actually formad before or after emission (312- 318,321,323,330,331,%01,L02,
503,51k-416,L2% 429 433 435 138). Although thers are unrssolved quantitative
discrepancies; it is to be qualitaiively expected-in either case that for
toih ions and neutrals, the clusters will have progressively narrower energy
stributions and that the peak intensity will shifi to lower ensrgies as
the cluster size increases. ¥%ith nnly a few exceptions (328,42L) the
erlmental results are in accord with this prediction.

m
'cy

" As in the preyious.sections, the data base is rather incomplete, making
generalizations somewhat risky. However, Gerhard (315) nas oredicted, and
the experimental results of Gerherd and Oecbsn=r (310) shO" that for one keV
Art bombardment of a number of metals, the cluster inte
with increasing cluster size, the dimer yield not exceeding N107 that of the
monomer, while the trimer/monomer ratio is tyoically a few tenths of a percent.
Thase ratios increase with increasing argon ion ensrgy. + should be roted,
however, that these results were obtained by assuming that ths collisions with
the plasma which produce post-ionization of the sputtered particles do not
also produce sigrificant molecular fragmentation. If this assumption is
incorrect, molecular emission will be more important than the results indicate.

ity decreases rapidly

oy p,

There are no data on sputtersd neutrals which would make it possible
to determine the kinetic. energies or assess the significance of neutral
dimer and trimer yields for light ion bombardment. The yield of ionic
clusters shows some differences wit:i neutral cluster emission, but also
some similarities which may provids guidance to ths expected behav1or of
light jon-induced neutral cluster emission. The indication-is that large
clusters are relatively less important for light ion sputtering. Tais point
will be discussed more thoroughly in section k. .

There are v1rtually no daua concerning the ejection of nsutral clusters
from alloys (306).

Both homonucleér and heteronuclear clusters are ejescted by sputtered
compounds, or from surfaces with an adsorbed overlayer. The mechanism is
believed to be essentially the seme as for th= sputtering of clean elemental -
metals, although differences in surface and molecular binding ensrgies guan-
titatively affect the results. <Cluster formation associated, for exemple, with
the sputtering of an oxide, a metal in the presence of oxygen gas, and by
sputtering with an oxygen beam are clearly related processes although the
results are not 1dentlcal.

There appears to be only one paper dealing systematically (307)
neutral molecular emission from bulk oxides. For the thirteen oxides studied,
M0 was the dominant molecule. . The molecular fractiion, daiincd es:

_ o] - ~
- Dalbo] ' o 2-

was found to be rclated to the M-0 bond energy, resaching V507 for several
refractory metals. The experiment was performsd in an argon ion discharge,
producing bowbarding particles of unspecified ensrgy. The target temperature -
was also unspecified.” The metal-oxygen-hydrogen system is an extremely

fertile one for the introduction of chemical effects, so extreme caution

should be used when extrapolating these results to proton or deuteron bombardment.
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There are several papers on the neutral moleculzr emis
exposed to an oxygen environment during sputtering (311 21
ras

ion f o surfaces
-31%), and many
T surfac2 con-

1l the results

l
‘\) (n

ing _
mors papers in which molecular emission occurs as-2 w't o
tzmination. These surfaces have not been chzracterized, an
are not gquantitetively reproducible.

There is a substantial amount.of data availatls on the sputtering ol
metal halides by inert gas beams (321,328,329). Al“l’;oug’v these matarials
are not of immediate interest to the fusion communi rldents appear

to be among the mos* reliable and the results 11’ustra,a soie f' tha possitle
phenomena.

Jte
ﬂ' Iy

L., SECONDARY ION MASS SPECTRA

The detection of secondary ions provides the bzsis ol the sur fa~e~
analytical technique known as secondary ion mass sTectrosocpy (SIHD) Con-
sequently, the available data far exceeds the amount which caa be easonably'
catalogued here, and the datae in table 4 is far ?“0ﬁ4ccm,lete, marely
representing a sampling of the data which may be rele

ye’
evantdg
problem. As in the previous sections, taere is very 1ittl
ued

iliznt ion data.
Quantitatively, the interpretation of the data is plag with 211 the diifi-
culties discussed in section 2, and there is a fLrtner elexzent of arhitrariness

introduced hy the en°rgy band pass characteristics oF the an=7* Zar.

In order to increase the sensitivity and obtain more reproducible SINS
data, it is common practice to either use an oxygeno b=z2m or to f£flood the
sample surface with a jet of oxygen gas. This practice has led to a number
of experiments investigating the effect of surface oxide formation on tne
atomic and molecular secondary ion yields (401-bok,Lko7,k1o0-L413,k23, L2k,
427-430,k34,437). A few experiments have been pariormed indicating the de-
sirability of similar studies in a hydrogen enviromment (8, 9) but. there is
little data currently available. .

Quelitatively, the intensity of the iom clusters does not drop as rapidly
with cluster size .as that of the neutral clusters investigsted: Honmonuclear
aluminum ion clusters have been observed containing uwo to 18 atoms (k15) and
carvon ‘clusters have been reported containing up to 17 atoms (L08). MNote
however, that all of the post-ionization methods usad experirentally result in
fragmentation of the neutral clusters and distort the measured multimer
distribution. Stability of the resulting electronic configuration also seenms
to be a much more important criterion for ion clustexr 1hu-pswtj than.is the
case for neutral clusters (L26). Consequently, oscillations and even inversions
in the size-intensity relation are fairly common. The diner or trimer ion

yield of a clean surface has been found to exceed the monomer yield for Cu (L05),

81Cu alloy (L408), C (L08,419) 2nd SiC (418). Experiments have shown that the
beam energy and particle mass influence the relative yield of mclecular joxs
{L35,438), but no systematic studies have been frisrczken. TFor ox¥idized metal

surfaces, the Mot /iit ratio has been reported to b2 > 1 for Ti, W, V, Mo, No {L0o2).
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Ta (437) and.U‘(h30), although this eonclusion has been disputed for
W (423) and Ti (219). -

With a few exceptions (328, h2h) the clusters have lower kinetic energies
than the sputtered atoms. If low energy positive ions are effectively
returned to the surface by the magnetic field ancd sh2ath potential, the ejection
of at least the positive ion clusters is probably not.a factor in plasma
contamination. For negative ions, the MO yield frequently exceeds the
M~ yield, often peaking at n = 2 or 3. It should oe noted however, that only
non-metal or contaminated metal surfaces exhibit significant negative ion
yields. It.has been observed that as the mass of the bombarding ion is
decreased, the intensity of the Cj cluster ejected from SiC decreases rather

markedly at high n (418). However the C3 yield for 600 eV He' bombardment
© still exceeds the C yield by two orders of magnitude. Consequently it
appears likely that dimer or trimer ejection may be an important mechanism
for negative ion sputtering of a number of materials subject to low energy
light ion bombardment.

SUMMARY

To .date, the kinetic energies of neutral atoms sputtered by well-

- defined beams of light ions (Z < 2) have been studied for only two materials,
Au and Fe (113,114,106) witnh primary energies in the range 10-30 keV.

For lower primary energies where the sputtering mechznism is different

(1) and the conditions of the Sigmund-Thompson RCC model (135) are no.

longer met, there is no data at all on the kinetic energies of the sputtered
particles. For low energy light ions, a well-developed random collision
cascade (RCC) does not form. Instead, sputtering is closely associated

with backscattering of the projectile. Consequently it is to be expected
that the energies of the sputtered particles will be much more sensitive

to the primary energy, angle of incidence, angle of emission, composition
and morphology -of the near-surface regions. The small amount of datda obtained
. by plasma discharge experiments (131) indicatcs that the kinetic energies
differ very subsfantlally from those corresponding to heavy 1on bombardment
(Flg. 1).

The same experlmenu indicates that for primary energies <].LeV, sub-
stantial departure from RCC behavior is observed even for Net bombardment.
Consequently it can not be taken for granted that the kinetic energies
of particles sputtered by ct, V+, 0% bombardment in a fusion device will
be described by the Sigmund- Tnompson model. It should be noted that
prediction of the kinetic energies.is a much more stringent test of the
model than prediction of the sputtering yield. For higher primary energies
and for heavier projectiles associated with self-stuszering in a fusion
device, both theory and experiment indicate that the Sigmund-Thompson model
should adequately describe the kinetic energy distribution of the
sputtered particles.
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though the pertinent energy and mass ranges have not been studied,

it eppeszrs possible that the neuiral cluster emission by low energy light
ion sputtering will not contribute substantlally to_the impurity influx.
It shcuid be remembered however that this conclu31on 'is based on the

assumption that the experimental technique of plasma post-ionization does
not result in significant fragmentation. This question is not entirely
settled and there is perhaps some theoretical reason (10) for belleV1ng
that fregaentation may in fact be significant.

For the emission of secondary ions, the effects of the pertinent
parameters have been studied more thoroughly although by no means completely.
There are substantial discrepancies in the key results which make it
. impossible to determine what relevance the data has to the sputtering of.
neutrals. It has not yet been fully established whether the daua pertaln_rg
to secondary ion emission are revelant, but there is
reason to believe that with the possible exception of high energy recoil
emission associated with neutral beam injection, the positive secondary
:ions do nOu have a2 role in plasma contamination.

For non-metallic samples, oxides, or metals contaminated by oxygen or
hydrocarbon adsorption, there is significant negative ion emission although
quantitative yields are not available. In many cases, molecular ejection
is the dominant negative ion sputtering mechanism.. Negative secondary
ion energy distributions are almost totally unexplored. Instead -of being
blocked by the sheath potential, negative ions will be pulled inward
toward the plasma. They will be subject to the difficulties of cross field
transport however, and consequently may not contribute significantly to
plasma contamination.
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Table 1. Neutral (total) Energy Distributions

. ua P
TARGET SPECIES METHOD BEAM kev |E . (eV) cmé (torr) ee Bi REFERENCE COMMENTS

Ag Ag® ,Ag% plasma |Ar* 1 25 | 3000 - - - 102 .

‘AgBx Ag® beam Xe¥ 6 100 500 10°7 0 60 i33 ]
Au Au® beam Ar¥ , Xet 25,50 4000m/s 200 1075 35 65 103 Beam mass & energy dep,
Au Au° beam -[AxT, Xet 10-41 5x103 45 45 104 Temp. variation,

. ) ) . thermal spike

Au(lll) Au® sim Ne¥ 1.5 508 vary - 45 111

Au Au® beam H¥,He¥,ArT |30 100} 1500 1070 0 70 113

Au Au® heam H¥,He¥ ,Art (15,30} 100 { 1500 10-6 0 70 114

Au Au® beam - Ne*,ArI,Kr+ 20-60 100 0 119 Average energy only

Xe ) ,

Au, -’ i Au® beam Art 20 104 vary 45 129 Recoil emission

Be Be® plasma [Krt 1.2 40 2x1017 - 0 0 132

Be Be® beam Ar¥t 3 150 0.2 10-1V 45 45 121

Bi Bi° beam Kr¥, Xet 35 100 0 119 Average energy only
Cx Cr® plasma |Kr¥ 1.2 80 2x104 - 0 0 132

Cu(:00) Cu® -Cu% sim Art 10.6 12 1) 108

Cu(100)+02 { Cu0’,0° sim Ar+¥ 0.6 [3 0 108

Cu Cu° beam ArT 30 - 15 1500 10-6 0 70 113,114
I Cu cu® sim Art,XeT 1 9 " vary 112 |Indep of 83i,27,E.
Cu Cu° beam Art 1-3 200 50 10-9 45 45 124 . M
Cu Cu® beam Art 2.5 20 50 10-7 45 45 125 -

Cu(1l10) Cu® |plasma |Het,Ne% Ar¥io0.6 40 2x10°% - 0 0 131

: Krt,xet, Hgt

Fe | Fe® - beam ArT 2 10%cm/s | 540 10°% 0 0 105 [DSLS

Fe Fe° beam DY ,Het,Ar¥ 110 104cm/s 540 10-8 0 0 106 DSLS

K K° K% beam art 11 3 10° 7 101 Thermal spike

KBr ° beam Ar¥ 6 100 500 10-7 0 118

Mn Mn°® plasma |KrT 1.2 60 2x104 - 0 0 132

Mo Mo® beam Kr¥, XeT 35 100 [ 119 Average energy only
Mo 110° plasma |Kxr* 1.2 90 2x10% - 0 0 132

Na Na° beam art 11 3 10-7 101 Thermal spike

NaCl Na° beam Het,Ne¥,Art |20 10 S0 10-7 0 0 117 DSLS, thermal spike

Krt,Xet .
Nal Na°® beam HeF ,Net,Ar¥[10-30 10 50 10= 7 0 0 116 DSLS, thermal spike
Krt, Xet :

Nb NE® beam Krt, Xet 35 100 0 119 JAverage energy only
Ni Ni° beam Art 2.5 20 50 10=9 45 45 125

Ni(100)+0, | Ni° sim Ar~ 0.6 7 0 138

Pb Pb° beam Krt,Xe¥ 35 - 100 0 119 Average energy only
Pd pa° plasma | KrT 1.2 90 - - 0 0 132 :

Re Re° plasma | KrT 1.2 200 - - 0 -0 132

Ta T plasma |Kr¥ 1.2 200 - L~ 0 0 132

Ti Ti° beam Ar~ 2.5 20 50 10-9 ~45 45 123

Ti Ti° plasma | Ar¥ 1 15 3000 - - ~ 127

U u® beam ArT 9 500 ~100 139

v A plasma | KrF 1.2 80 - - 0 [ 132

W we plasma |Kr¥ 1.2 90 - - 0 0 132 \

in’ Zn° beam Kr¥,Xet 35 100 0. 119 Average energy only
2x Z2r° plasma [Kr¥t 1.2 30 - - 0 0 132 . -




Table 2, Ion Energy Distribution
* FARGET SpPECLESR MEFHOD BEAM keV 15 < (\EV)[\IA/t.‘In2 P{torr) “\.. 'I‘i REFURENCI COMMENTS
X Aq T hoam A R X 0.7 T v EL) 15 270,
A AT beam [N 5.5 | 100 100 To-8 TN 73 231
A many e At [ — vary vary 212 Large shift vs Ej & op
n AL ST Ala" oo Y 10 2000 G0 T0-0 iR R 214
A EY heam At 6.1 100 - vary vary 217 Large shiflt w/op,
AL At Loeam Art 1.0 140 0.2 1o~ 10 1% 15 Distribution shifts w/E}]
A ATY Lo Art 0.5 50 0.2 0-10 | vary Large Dist. shifts w/o
AL Al ) on beam ArY 6 00 - [T [ int vary temp., channeling
Al (110) ALY A)-F Deam Art 50 [\ 75 0-% 465,55 vary channeling
A ALY . Leam ox¥ 5.5 100 100 0-8" int 73
A ALY heam l\r: 43 200 ((1) 0"87 60 35 Clean surface not RCC
A ALY ATS ¥ ATgH beam' Ar 10 20" 10° 0= 0
Al>014 :\1*1 L6 beam Ar¥ 43 600 0 T0-7 0 30 R
Al+02 ALY AT-F . beam At 0.1-0.71 15 i0°- 10710 0 71 Looks like ncutral dist.
Au Aut beam Art 43 200 60 10-7 60 35 2317 Clcan surface not RCC
Au Aut beam Ar¥ 0 50 6x102 10-8 40 0 247 Current density
Bt beam oxt 5.5 100 100 )-8 1nt 73 231
e Bet boan Art 3 275 0.2 0-10 45 45 220
Be+02 Many beam  |D>+ , Ar¥ 3 150 0.2 0-10 45 45 221
c+ beam Ar¥ 40 1.000 100 10°%° 45 45 215
C c¥ - boam [YXd 5.5 100 100 10-8 int 73 231
CTY Kr¥ beam Ar: 6_1_2” 20 1000 - 0 60 206 . ——
Cr Crt beam 0> 5.5 1100 00 0~ int 73 231
55304 Crt, cron® beam H¥ Ho+ Hat S 12 200 .0~ 1T 6 45 233
§5304 [T beam H3¥ 10 2 200 0-3 vary vary 234 Dist. shifts w/0g
Cr [T beam Ne¥ Ar¥ kr¥ 43 20 60 0-7 0 35 236
Cr crt beam Ne¥,Ar¥ Kr¥ 4 3 200 60 0~ 0 35 237 Clean surface not RCGC
Cu Cuj-3¥ beam Art : 0 160 o-7 43 45 231 Looks like neutral dist.
Cu Cut beam ArY vary vary 212 E varies w/ic § E1
Cu Cui beam Art 2.5 |60 15 10-3 45 45 226
Cu Cu" beam 027 5.5 1100 100 10-8 int 7 231
Cu Cu+ beam e~ ,Ar¥ Kr¥ 43 1200 0 10-7 6¢ 35 236
fu Cu? beam Ar¥ 38-47 200 0 10-7 60 3s 238 Clean surface not RCC
;: §u+ beam Ne™ 5 80 5000 10”5 45 [{] 243
e beam Ar 8 . var var 212 E v 772 3 =)
Fe Fet Fex¥ Feot | beam [Phd 5.5 1100 100 10-Y ,-nZ 731 23] aries wiie S EL
55304 Fe:,Peom beam U i+, H' 3 5 12 200 10-1U 6 45 233
Mg Mg* beam Arf 8 vary EYSY 2172
}qu b:41+ bbeam - 102}\+ . 3:.25 = 100 100 10°% int 73 231
o o camn S K 23-2. 201 Vary temperatu
Mo Mo*,r:oo“ . .}xoo beam 05" Ax™ 2 250 0.2 10”710 55 G5 Z18 e
'}::CT :’°+15102 cay .lLe+'Af+ 1-5 vary vary 232 Large shift in distw/8
a beam He 20 - 22
Nb Nb™ beam 0¥ 5.5 [1 100 10°% in 3 23
- i 2
b ‘fb;’.iNb;f_____aeam Art 0 45 10 Tu=Y =4 0 24
b Nb}} beam Ar¥ 0 50 6x100 10-8 ~40 0 242 Current density
: ;}+1_1 beam Arf GC.z 20 1000 0 60 206 -
. Ni - beam Ar 8 vary vary 212 E varies w/8e & E)
Ni Ni¥ beam Ar¥ 2.5 60 15 10-7 45 45 726 - ¢
Ta Tat beam Ar¥ 8 R vary vary 2].2 E varies w/to & E]
;: ;i: llﬁ:eam Ar: 35 150 0.2 10-10 55 65 22
Le e beam Ar+ 2. 60 15 10:9 ‘45 45 224
B 1-2| beam [+ 5.5 (100 100 10-8 int 73 231
U 0¥ Tean 0% 5.5 1 100 100 110-8_ [int 73 231
v V‘; eam [N 5.5 100 100 10-% int 73 231
x‘ ‘«,r' - Leam Ne‘,i\r*,Kr? 43 200 60 10-7 50 35 237 Clean surxf. not RCC
“.Wz beam Ar 40 1000 100 10-6 -1 45 45 215
W w‘x —r beam Ar¥ 3 260 0.2 10-1C 55 65 220
‘:a W, beam 02F 5.5 1100 100 i5-8 iat 73 331
. z]iq cam__ I\r# 150 1000 200 10=6 40 20 239
z; z;’ beam hr? 43 €00 60 10-7 Q 30 ~ 204 -
eam 0> 5.5 100 100 10-¥ int 73 231
int = high vpltage extracgion to provide anglg integrjted collection.
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Table 3. Neutral (total) Mass Distribution

¢1-6

TARGET - Pg;gg;ggL METHOD BEAM kev . ua/cm? | P(torr) 6 05 REFERENCE COMMENTS
‘Ag” Ag]-2 plasma Ar¥T 1 3000 - - - 315
Ag Ag]1-3 plasma [. Ar~T 0.1-1 3000 - - - 316 v12% Ag2
Ag (100) Ag,Agy,Ag0 beam HY,D+, et 1-4MeV 100~-800[ 10-8 vary 45 320 v13% Ag?
Ag(110) Ag,Ago,Ag0 beam H+,DT,Hge™ 1-4 MeV 100-800] 10-8 vary 45 320
Als04% A1,A10,A190 beam HY, art 15 10~2 0 310
A1203 A1-.05,AlO07.3 | beam Art 50 "1 10-5 0 310
Al-03 Al,Al0,AT50 beam Art 15&50 10-2 0 317
Al-03 Al,A10,A120 beam HY 15 1072 Q 317
Al>073 Many plasma { H+, D* - - - - 322 .
Au AUl 3 plasma Art 0.1-1 3000 - - - 316 12% Au ”
BaC CDa beam DT 20 103 10-2 0 303 Temp. dependence
—C CHyg T Hot 6 302 '
C THg Hat . 2,3,6 302
C CHg beam HY, DF 30 103 10-9 0 309 Temp. dependence
C . Many plasma E+,D+ - - = - = 322
C/Pt CH4 beam - Ho™ 5 130 10-° _ - 327
Cu ~__{Cu,Cu,,CuCO ! plasma Art 0.6 - - - = 306
Cu Cu, Cuy sim Ar+ 0.6 0 311
Cu Cuy.-=& sim Ar+ 0.6 0 312
Cu Cuy_- Slasma | ACT 0.1-1 3000 |- - = 316 5.5% Cup
Cu(1o0,1l Cu,Cu2,Cul | beam HY, D", Het | 1-4 MeV 1.00-800{10-8 vary 45 320 v13% Cus
Cut0__ . Many sim Art 0.6 0 314
Fes03 Fe,Fel nlasma Ar™ - - - - - - ggz
K K, Kp beam Ar+ 11 500 10-
Mo Moj.1 plasma ArTt 0.1-1 3000 - = — gég n3% Moo
Nb Many plasma Art - - - — 3
ND~Ore 1 Nb,NbO plasma Art - - = = — gg; :jg%NTDO
N1 Ni,Nij olasma Art 0.1-1 3000 - = — 352 2
N1 Ni,Nij Ylasma Art 1 ~102 355
NiCu Hany plasma ALY - - - = — —37% > E% pd
Pd 1 Pé1_1 plasma | ArT 0.1-1 3000 - - — i méo% Prg
2rs011 “j Pr,PrO | plasma art - - - - - 307
Pt PE1-3 plasma | Art 0.1-1 3000 - = = 316 3. 7% PLo
SiC CDg - beam DF 20 103 10-9 0 303 Temp. dependence
sicC Many beam |He ,Ne',Ar | 0.6 50 ~45 45 319
Kr+ Xot
5109 Si,8i0,0 plasma | Net Ar+ - - = = - ggg}
SnO Sn, SnO lasma Art = - e et R P e
Ta Tal-3 glasma (Ar”® 0.1-1 3000 = = - 316 1.9% Tao
Tas0g Ta,Tal plasma | Arxt - - T - ~ ~ 307 >40% Ta0
T105 T1,73i0 plasma | ArT R P R - 301 pd0% Ti0
W ] Vi3 plasma | AY™ . 0.1-1 3000 |- - - .316 3% WO
2r 2Y3.o lasma | _Art 0.1-1 3000 _ [- - - 31€ 1.5% 2r0
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‘ Table 4.
‘.
PRINCIPAL 2 . . .
TARGET GPECLES METHOL REAM kaV uA/cm pltorr [ [UN REFERENCH COMMENTS
+ 2 0 60 406
A Ajy-at beam Ar 6.2 1000 ]
)\? 1007 A1V, AP F Thoan n¥ 1 MoV 100-800) Jo- vary vary 422
it L1 To-¥
X Many _boan NXe¥ 0.3-0.4 50 ] Kk 45 i T
Al ALY ATOT.2 ! bean Art 3 210-3 | 10°10 1" "0 70 302 sbuolute” ylcids
AL104 A1 ALOT vt 6 00 _lint 407
AL+0, AT, AIoT 0 ALY . _0.0-0.7 03 10-10 1~ o 71 41l
“AT AT 30, U TL T Aer Nt | ain 03 it 35 115
Al AT ot AL+Y RS 3 [ 1020 _link 425
AL ‘\11--:* beam Net At _ [ 2,25-11.6 10 0-9 BT 0 435 Energy dependence
ALCu All-11" toam ALY 6 10 10-9 a0 0 208
AldMg Many Doan Ar” 13 2 int 43 JI5
Au Au )13 boun Act 6.2 1000 1} 60 J06
AU Aut, Au” Do Art 40 00 10-0 35 a5 421 ,
Au Auj_oY can ArY 2.25-1100 10 10-7 A4 0 I35 Encray dependence
Au Ay’ becan Ar’ 10-12 vary 10-%Y ~ 40 4] 436 dimer/monomer vs 3.,
Ba+0> Many beam Ars 3 0.2 T0-10 LE 35 424
Be+H2 Manv beam ALY 3 0.2 “T0-1IU 15 _i5 124
Be " Be¥,BeDV heam D7 ALY 3 0.2 T0-10 {745 15 427
Be Bel-7% cam Ary 10 T . 312¢
< 119 bean ALT .5 408 peak 1ntensity at Cy
C Ci-10" cam LT 7.5 50 15 41 13 C2~ largest peak
T Ci-iz- beam He¥, Ne¥ 0.6 50 45 35 419 C3,4,5,6> C° In-
., Xr+, Xe+ . tensity
Cr+05 Nany bean ArT 3 +10-3 10-1U 0 70- 401 “absolute” yields
Cr Cry-3% beam ArY 6.2 1000 0 [{) 406 R
Cu Cuty_2 bean ArY ~ 5000 - int S5 405 [cuz? > cut.
Cu Cuy_157 beam Ar¥ 11 - 408 Large clusters
Cu (1C0) Cuj_2%,Cu¥¥ | beam D¥ 1 MeV 100-800] 10-8 var: 45 422
CuCr beam Ar’t .2 1000 0 60 306
CuMn bean ArY 2 1000 0 60 406
Fe+0; Fet,Fe0Y beam ArY 3 A10-3 | 1010 0 70 401 "absolute yields
Te - Many - beam Ar; 3 ~10-3 10-1U 0 70 402 Tabsolute” yields
Fe [ Fei-n beam | AT 6.2 360 __17% &0 306
Fe¥0y Fei1_3+,Fe01-ht beam’i 0> ‘6 3 10-7 3129
FeNi |_Fe™, Ni¥ bean Kr¥ 4 1-20 10-6 45 431 vary composition
{eCr : Fe“,ci+ beam Krt 4 ~ 1-20 10-% 45 431 vary composition
3 Tij_ g | beam _ | “art 10 = - 426
Mg+0)y tg* Mgo¥ beam | _ArT 3 ~16-3 [ 10-10 0 70 402 "absolute” yields
Mn Mny_3t bean Ar¥ .2 1000 0 60 106 R i
:0*02 1-10‘",.‘1201_7'""" beam __|_Ar* . . A10-3 [ 10-1T — 304
o toj_q bean Ar¥ 6.2 1000 0 60 406
Mo o+, Moot - beam | _He#, Art 5 . vary vary 432 Angular dependence
Ho o) 5F beam | _Art 2.25-11.6 10 1077 40 0 435 tnergy dependence
NaBr NapBr, beam Art 3 10-2 -10 5
- 10 int 416
(n=2-4 R
NaCl N?nC;ni%) beam Ar" 3 10-2 101V " int 416
n=2-
_"Lmb )57 beam ALY 6.2 1000 406 :
—E lv‘bw,.7+ 'beam ArT 2:25-11.6 1 10 10-° 435 Energy dependence
Why-27 bean Art 10-12 vary | J0-R 436 Simer/monometr vs 3
N1+0o _N13-3%,Nip0% bean ey 0.15-1.5 -.10-3_ [ 1019 413 il
:: 5:1-7:,0‘ Igeau. . *Ar+«r . i "14'0 ) T0-5 ZT 5 —
5197 cam |[Ne' , Ar T, Xe' = =g ’y o rqy
SiC Many [beam )Zef__ : 6.6 ;010 - 3y prnary oTeH
by e ibean | Arg 2.25-11:8 X - 435 [Edcray dependence
ui* T: :Ti0).> gsgrr\ ;\:7 3 ~.107 610 402 "absolute” yields
1 2 1:—’& T S 6.2 1000 306 .
T3 +Do Lany beam At 40
U+02 U, UnT,00,% |bean P34 3 45 :323
| VY Vi-3! can Ar?t 62 €0 T ————
LAY WT, W07 oo NG 0
W W-2 hoam Y 5w 70 402 "absolute” yields
v v 7 .25-11.6 [] 435 FElergy gdepencence
[ heam nr¥ 10-12 S ron
144 CANTWTS Do A.v-* 155 0 436 Dimer/inonomer vs 3o
= - 29 43
>
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FIG. 1. Kinetic energy distributions for

neutral Cu atoms sputtered from a Cu (110)
crystal in the normal direction by four -
different 600 eV inert gas ion beams. '

[After Stuart and Wehner (131)].
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ANGULAR DISTRIBUTION OF SPUTTERED PARTICLES

M. Kaﬁinsky .
‘Argomne National Laboratory, Argonne, Illinois

SUMMARY

“os Information about the angular distribution of particles sput-
tered from materials of interest for the fusion program under
"light ion bombardment (Zl X 2) for the energy range from
" 100 eV § E 5§ 1 MeV is scarce.

.ee The corresponding information for medium-Z ion bombardment
(e.g. plasma impurity ions, such as ct, N+, oF, cOt) for the
energy range from v 100 eV < E £ 120 eV is also scarce.

... There exlsts more information on the ejection of sputtered
particles from monocrystalline targets [emission along pre-
ferred directions — (''spot patterns')] than from poly-
crystalline targets (for reviews see references 1-5).

LY

cee The few data available on the angular distributiom of particles
sputtered from polycrystalline or amorphous materials indi-
cate the following trends:
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The energy of the incident ion influences the angular distribution of

sputtered particles. For example, for Hgt ions impinging on Ni, Fe,
Pt and Mo surfaces at normal incidence, the angular distribution is
considered to be "under-cosine" (i.e. more particles are scattered in
directions parallel to the surface and fewer in the dlrectlon of the
surface normal) for ion energies of ~ 100 eV, and approach a 'near-
cosine" dlstrlbutlon at 1 keV [Ref. 6] (see Fig. 1). Cooper and Comas
[7] reported under—c051ne" distributions for 160-200 eV A' ions bom-
barding silver surfaces, Patterson and Tomlln,[8] for 10 keV At on
gold surfaces, and Chiplonkar et al. [9] for 3-7 keV At on silver
surfaces. A change from an "under-cosine" distribution to a cosine -
distribution with increasing ion energy was reported by Chiplonkar

et al. [10].

A cosine distribution has been reported by Gronlund and Moore [1ll] for

4 keV Net on Ag, and by Kaminsky et al. [12] and Das et al. [13] for 40-,
60-, and 120-keV Dt bombardment of Mo. (See Fig. 2). An "over=-cosine"
distribution has been reported by several authors (e.g. Ref. 8, 14).

for keV noble gas ions bombarding noble metals (e.g., Ag, Au).

~The angle of incidence has been.observed to influence the angular dis-

tribution of sputtered particles significantly [e.g. Refs. 8, 11, 15,
16, 17, 18, 19]. 1In most of these experiments Hgt ioms [6], pt ions

- [11], and noble gas ions were used with energies ranging from v 100 eV

to several ten keV on targets sﬁch as noble metals, Cu, Ta, and W. For
example, some results obtained by Gurwin et al. [16] are shown in Fig. 3.

In general, it has been observed that as the aﬁgle of incidence in-

" creases (towards more oblique angles), that the maximum in the angular

distribution shifts towards directions which come close to those the
incident ion beam would be directed to if it were specularly reflected
from the surface. Furthermore, Oechsner, et al. [19] observed for 1
keV At bombardment of Cu and Ta at an angle of incidence of 50°, that
the maximum in the angular distribution has shifted farther from the
surface normal for the Ta target than for the Cu target (see Fig. 4).
(The latter-has higher sputter yield and lower surface binding energy

'than Ta).

The surface topography (e.g. surface faceting, cone formation) has ‘also

been observed to influence the angular distribution of sputtered par-
ticles significantly, particularly at oblique angles of 1nc1dence
[see Refs. 16, 20, 21] :
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FIG. 1  Polar diagram of the angular distribution of material
sputtered from Ni, Pt, Fe, and Mo targets by Hgt jons
at normal incidence with energies of 150 eV (or 100 eV),
250 eV, 500 eV, 750 eV, and 1000 eV (Wehner et al [6]).
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Variation of the Mo deposit thickness t as a function of
distance R on the substrate as measured from the center
of the deposit spot (R=0) along radial directions. The

" g0lid curve is based on calculated values using equation

(1). The experimentally determined values are indicated
by +. , For a target spot of radius r, a distance R is
measured from- the center of the deposit along a radial -
direction of the deposit spot, the deposited material
density p, and the deposit thickness t, the emitted mass

M is given by

M=2ﬂpr2-
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FIG. 3. Angular distributions of sputtered material for polycrystalline
W bombarded with oblique incident Kr* -ions of different
energies [16].
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FIG. 4.  Angular distributions of sputtered particles for poly-
- crystalline Cu and Ta bombarded with 1 keV Art under
8 = 50° against the target normal [19].
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REACTIVE SPUTTERING AND CHEMICAL EROSION*

R. R. Rye
Sandia Laboratoriesj'Albuquerque, N. M. 87185

Introduction

In the following, concentratlon has been on those chemical processes
that lead to removal of wall material and not on how these processes
affect other problem areas such as permeation, conductivity, etc. For
chemical effects the main consideration has to be given to the active
forms of hydrogen, both from the standpoint of incident particle flux
and’inherent chemical reactivity. This restricts the range of mater-
idls one needs to consider, however, to materials containing atoms
from the right hand side of the periodic table, since few metal hy-
drides are volatile. Trace impurities, where known, have to be con-
31dered from the standpoint of their potential ability to modify the
surfacé and thus change the physical sputtering yield. The chemical
effects that have been summarized here clearly show that one cannot
simply ask what is the sputtering yield of pure material x with par- .
ticle y. The results are too critically dependent on the surface
-composition.

Summary
Of the materials of interest to the fusion program only the chemistry
of carbon is relatively well defined, and even in this case the com-
plexity of the chemistry is such that erosion yields ranging over.five
orders of magnitude are reported. For other materials, such as the
carbides, only the general outline of the surface chemistry relevant to
the fusion program is becoming known; while in other areas, such as .
reactive sputtering and radiation assisted surface chemistry, the effects
are well known in other technological areas but relatively little is
known about these effects under the unique environment produced in a
fusion device.
Information is sparce on oxides and carbides. From information that is
presently available, however, it is obvious that this information must
. be obtained in conjunction with surface analytical techniques. The

surface chemistry of these more complex materials is too sensitive to
surface composition to depend on single measurements of '"pure' materials.

*This article sponsored by the U.S. Department of Energy under Contract
+ DE-AC04-76-DP00789.
TA U.S. Department of Energy Facility.

11-1




This is true for both physical sputtering and chemical erosion. The
same extreme surface sensitivity makes it imperative that we have in-
formation concerning in-situ material compositions and the flux: of
particles, including impurities, to the wall and limiter surfaces.

The impurity flux will define, to a certain extent, the wall composi-
tion especially in present day machines where the time between discharges
is long. : '

In light of the large effects seen for radiation (e, 0, etc.) enhanced
chemical erosion in integrated circuit manufacture and the lack of
similar -information for fusion type environmments, it is clear that
this is an area in which it is imperative to identify thé magnitude of
the problem.

LITERATURE SUMMARY

A.

Chemical Erosion

Figure 1 contains a summary prepared by Behrischl’2 of the erosion yields
reported by various authors for the chémical reaction of graphite with
thermal atoms and energetic ions of hydrogen and oxygen. The apparent
diversity in this data reflects the complex chemistry of graphite. 1In
general, however, the data show a temperature maximum, Tp, at v 500 C
which results from a competition between the desorption of hydrogen and
reaction with carbon. Such strong temperature dependence is character-
istic of chemical reactions and can be used to distinguish between physi-
cal sputtering and chemical erosion. A similar T, has been observed by
Braganza et al. for DV at energies up to 30 keV.3 At these energies the
range of the particle is such that the feaction is between surface car-
bon and implanted D which diffuses to the surface with thermal energies.
Consistent with this, the release of both Dy and CD4 follow the same

. form over the whole period of bombardment.3 . These results would indicate

that the erosion of graphite by hydrogen bombardment is dominated. by
chemical reaction at all energies. ‘ ~

The large spread in reporte& values for the erosion yield reflected two
related factors: the variability of graphite samples and the effect of
damage.. It is well known that the reactivity of graphite is strongly
dependent on the type of carbon used,4 and that erosion is differential
with respect to orientation.4:5 Preferential attack occurs at the prism
planes. Surface damage, which in the case of graphite means breaking
C-C bonds, creates a chemically active surface and enhances erosion.

The erosion yield curves in Fig. 1 above v 10~2 were all obtained with
energetic hydrogen ions and probably reflect the enhancement due to sur-
face damage. Veprek et al.6 have shown experimentally that this is a
major effect. ¥ig. 2 from their paper shows the effect of irradiation
with 2 MeV Het on the subsequent reactivity in a low energy Hj discharge.

They conclude from this study that a reaction probability up to 1074 can

be expected at 500 C regardless of the original quality of the graphite.6
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B.

The reaction of graphite with 0 is similar to that with H, but with
quantitative differences in the reaction products and Tp. Ty for O is
" 1500 C vs. v 500 C for H. One should note that the reaction yields
are comparable; the vertical scales in Fig. 1 differ by a factor of
102. Methane is the major product with H but, consistent with the
diversity of stable hydrocarboms, a large array of minor products are
also produced./ In contrast the carbon-oxygen system has a much less
extensive chemistry yielding only CO and CO0p.l,2

The carbides are much less well understood. The more complex surface
chemistry has led to results which differ on fundamental points.
Braganza et al. report that the reaction of 20 keV Dt with B4C and SiC
is specific to the carbon atom yielding CD4 with a Tp of v 800 K.

Roth et al. also show a specific reaction with C of SiC but one which
did not show any pronounced temperature dependenced. In contrast to
these, Veprek and Haque suggest that a protective layer of Si0) makes
SiC inert to chemical attack®. The results of Yamashina et al. given
in Fig. 3 show that the presence of surface oxygen has a profound

effect on the chemical erosion of SiC and is probably the source of the
basic differences that have been reported. For clean SiC, Fig. 3a,

700 eV Dt reacts preferentially with the Si dtoms producing a surface
rich in carbon. As suggested by Veprek and Haque, surface oxygen forms
5107 but this is protective only of the Si. On this partially passivated
surface, Fig. 3b, the reaction of 700 eV Dt is now selective to the car-
bon atoms producing a surface rich in Si. That the reaction of SiC with
hydrogen is controlled by chemical effects is clearly shown in Fig. 4
from Mohri et al.ll In contrast to HY, "sputtering' pure physical
sputtering with Art removes both Si and C at equal rates, and at 600 C
the preferentlal reaction of HY with Si is greatly reduced.

In general, one can expect quitc complex behavior with non-elemental
materials. During Art sputtering of TiC in the presence of oxygen,
Sproul and Richmanl? report a preferential removal of carbon, reaction

with O2 and the formation of titanium oxycarbide of the form TiCxOy.

Reactive Sputtering and Radiation Enhanced Chemical Erosion

Reactive sputtering is physical sputtering in the presence of a reactive
gas. This effect has been extensively studied by the electronics 1ndustry
for integrated circuit manufacture, and the data primarily involves Art
sputtering in the presence of 0y and Ny. The general results are illus-
trated in Fig. 5 from Cantagrel and Marchal13 where the Art milling rate
is plotted vs. the oxygen pressure for Al, Cr, Mn, V, Si and Si07. One
observes the sputtering rate of the pure material at low oxygen pressures
and the sputtering of the corresponding oxide at high oxygen pressuresl3
suggesting a competition between oxidation and physical sputtering. This
competition is clearly seen in Fig. 6 where the data is replotted vs,

the poisoning ratio or ratio of the rate of arrival of 09 to the sputter
rate. The break between the two extremes occurs at p01son1ng ratios
between 0.1 and 10. If no stable oxide exists (i.e. Ag 14y the effect is
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small, and for those cases where thée effect is large the sputtered spe-
~cies is the oxide or the nitridel5,16,17,

- Abe and Yamashina have derived a semi-empirical 'equation14 which, on the
- basis of three experimentally determined parameters, is capable of giving
a complete description of the pressure dependence. This model with ’

sliiht modifications has been applied to a number of systems, 1nclud1ng
Mol 18 Tils, 18 Fel6, col6, zrl7, Tal8, apnd wl8.

A related area which has received considerable interest in the electronics
industry is radiation-assisted chemical erosion. Unfortunately, the
reaction systems that have been investigated are of specific interest to
that particular industry. With the exception of the work of Veprek et al.
~on barboné, essentially no work has been done on systems of interest to
the fusion program. The effects, however, can be illustrated with the
well-characterized work of Coburn and Wintersl9 on etching with XeFs.

Fig. 7 shows the effect of 450 eV Art on the XeF7 etching of Si, and

Fig. 8 the effect of 1500 eV electrons on the same reactionwith S$5i0,.

The effect of electrons is especially dramatic. SiO; is unreactive
towards either XeF, or electrons while the combination of XeFy and
electrons etches §i0y at the rate of " 200 A/min.
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(The Ar+ current density and tﬁetXer flux are not uniform over the Si
surface. The effective area for the Art current and the XeF; flux are

. estimated at O.

1 cm? and 0.3 cm? respectively.)

FIG. .7 TFrom Coburn and Winters (Ref. 19)
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- Electron-Assisted Gas-Surface Chemistry using 1500eV electrons
and XeF; on §i0j. P(total)-leO"“ Torr with most of the ambient gas being
xenon., Neither exposure to XeF, nor an electron beam produces etching by
itself. Simultaneous exposure produces an etch rate of ~200&/min.

'FIG. 8 From Coburn and Winters (Ref. 19)
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SYNERGISMS IN SPUTTERING AND BLISfERING OF SURFACES *

K. L. Wilson
and
W. Bauer

- Sandia Laboratories, Livermore

Abstract

In the evaluation of impurity introduction, a consideration is
the effect of surface alteration on the physical sputtering yield.
Synergistic effects of this type considered in this review include
surface roughness and gas (H and He) loaded surfaces. In addition,
the effects of sputtering on He induced surface blistering are
also assessed. :

This is a preprint of a paper intended for
publication in a workshop proceeding. Since changes
may be made before publication, this preprint is
made available with the understanding that it will
not be cited or reproduced without permission of the
author.

*This work was supported by U.S. Depaftment of Energy.
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I. Contfibution of Blistering to Impurity Introduction

Blistering is the general term for surface deformation resulting
from the agglomeration bf impianted gas atoms such as H and He. This
deformation may take the form of micron diameter circular blisters or
repetitive -exfoliation of surface layers. Generally the blister thick;
ness is of the order of the mean.ion range. Recent reviews of blistering
can be found in réference 1. Hydrogen blistering of first wall materials
such -as stainless steel is considered unlikely [2]. On the'oﬁher hand,
~ helium blistering is.potentia11y a serious source 6f.impurity introduc-
tion. ’

A number of factors influence the impdrtance of He'blistEriﬁg,
such as the He énergy‘spectrum emanating from the plasma, angular and
spatial distribution, flux and total sputtering yie]&. Blistering due
to Tow energy polyenergetic He' spectra [3, 4] is unlikely. However,
the high energy component (3.5 MeV) of the unconfined o flux may give
’rise to surface exfoliation or blistering [5 - 8]. Detailed calcula- .
tions [5 - 8] indicated that blistering from these 3.5 MeV a]bha par-
) ticles is possible primarily in early D-T devices with small mfnor radii
and hoderate confinement conditions. The possibi]fty of surface erosion
by a's is reduced due to the s{multaneous surface recession from low
energy D,T sputtering. For wall materials with relatively high sputter-
ing yield such'as Be, blistering may not occur. However, first Qa1]s
“constructed from low sputtering materials such as.Mo are quite likely to
undérgo helium induced exfo]iafibn in certéin regions [7]. This competi—

tion between sputtering of the surface and blister exfoliation from high
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energy He implantation has recently been experimentally demonstrated
[9]. Sufficient data and calculations exist in the area of blistering
and its'impact on impurity introduction that some prediction of tokamak

_ operation can be confidently made.

II. Synefgfsm of Sputtering and Surface Alteration (Roughness and
Gas Loading) :

The synergistic effects of surface topography changes and near
surface gas 1oadfng on wall erosion hechanisms such as spuﬁtering are not
well understood.A Littie déta‘are_avai1ab1e for H isotopes and He in the
'f1QX and energy range relevant -to fusion energy. In this section of the
" paper, exfsting data on the effects of surface roughnéssAanq gas loading
on physical sputtering are summarized and areas where additional research
is needed are proposed. | |

At first glance, data on the effécts of surface roughness (either
naturally occurring or deliberately produced) on physical sputtering appear
contradictory. Both increased and decreased physical sputtering yields
(S) have been reported for gas atom bombardment of rough surfaces compared
to smooth surfaces. However, a more detailed study of the data base shows
that increased sputtering yields (over smooth surface yields) are
associated with "faéeted" or "furrowed" surfaces, while decreased sputter-
'ing yields are observed with "conical" surfaces. Faceted surfaces are
those with surface features inclined at small angles to the surfacé, as
shown in the figure section. Experimental evidence for increased S caﬁ

be found in references 10-16. Of particular interest is the 3 KeV 02+
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implantation of 304 stain]ess steel by Von Seefeld [13]. . He observed a

") -2

change,in S from 2.1 x 10 ~ for fluences <]0]9 atom/cm'2 to 3.5 x 10

]g-atom/cmz as the surface roughened. Roth [14]

for fluences up to 4 x 10
observed a 30 - 70% increase in the sputtering yield of stainless steel
implanted with protoﬁs at room temperature to 600°C and tentatively
attributed it to surface tepography changes. Behrisch [15] fouad no'dose
dependence on the sputtering yield for fluences of hydrogen from 3 x 10]9
to 2.4 x 1020 atoms/cm2 on stainless steel. This indicates that the
increased yie]d due to natural surface roughening is only a transient

19

. 2]
phenomenon that disappears by fluences on the order of 10 atoms/cmL.

A similar dose dependence for Het sputtering of Inconel for fluences up

to 4 x 10'°

atoms/cmz has been reported by Bohdansky .[16]. A detailed
calculation of the sputtering yield from'facefed surfaces can be fouhd

in the paper by Littmark and Hofer [17]. Their work 1ndieates that the
sputterihg yield can increase by factors of 4 or more for certain’éngu1ar
facets. The higher yield en faceted surfaces is attributed to the
1arger’effeetive incidence ang]e of the ions.

Decreases in the sputter1nq yield for surfaces with dense conical
protrus1ons or honeycomb structures have also been reported in the litera-
ture [18 - 25]. Relevant measurements to fusion include the W dendr1te
measurements of Ziegler [24] and the Be spufteringvmeasurements of Mattox
[25]: Ziegler reported a factor of 3 decrease in the sputtering yield for
4 KeV He on W dendrites compared to smooth surfaces (H1s other -
measurements using a gas discharge may have been influenced by the
different discharge characteristics above a flat and_dendritie surface.)
Mattox reported a decrease in the H sputtering yield of 30 - 40% due to

a needle-like surface topography on Be that developed by fluences of
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2] ions/cmz. The decrease in sputtering yield for these conical or

v 10
needle-1ike surfaces has been attributed to the increased probability of
recapture of ejected atoms by neighboring protrusions [17]. The only
exception is the increased S for Ke® on the Ti and V surfaces with cone -
formation produced by oxygen exposure [26]. Hﬁwever, the cones were only
observed on certain grains, and ft is possible that the effects 9f oXygen
expdsuré was a larger inf]uencé on S than surface topography.

Since virtually all the H, He sputtering measurements (especially
the wéighf loss measurements) have been made at high ion~f1uénces

atoms/cm”), these data already include the effects of naturally
occurring surface roughening due .to the bombardmént. More experimental
work on deliberate surface modifications such as dendrite growfh or
honeycomb structures that Tower S should be pursued. However, to date
the measurements of the increase or decrease of sputtering yield due to .
sqrface topography appear to be limited to a factor of 3 or less. .
The changes in sputter yield due to gas 1oading of the near surface
are not well documented. As listed by Andersen [27], gas trapping can

affect sputtering by:

1) Influencing the collision cascade

]

2) A change in the surface binding eriergy of lattice atoms

3) Induced phase change 1

Blank [28] has reported up to a 60% yield enhancement of Xe®
sputtering of Si when the surfaqe was pre-saturated with Xe. "He
found “that the trapped Xe inf]uenced.the surface binding energy, the

nuclear stopping power, and Sigmund's a function. He concluded that

12-5



—

this effect is very large for light element targets with low sputter-
ing yield bombarded with heavy-ions." EerNisse [29] observed a change
in the sputtering yield of 45 KeV He' on Au from S = 0.046 at a fluence

16 ]7 The change was attributed

of 5 x 10~ to 0.14 at a fluence of 5 x ]0
to surface binding energy changes from the stress of‘implanted helium.
Thus, gas loading can be a detectable effect et Tow fluences.

However, at high f]uences, the present H and He sputtering data
base has been‘determined for gas saturated surfaces. Metals such as
stainless steel have reached steady state near surface saturation.con-

18 atoms/cm2

centrations of hydrogen or helium by fluences of g 10
[2,4]. Furthermore, H sputtering yields from metals such as Ti [30],
"which readily form hydride surface layers upon H bombardment at room -
temperature also ref]ecf the influence of gas loaded surfaces.
Scherzer [31] has characterized the existing weight loss sputtering data
as representative of a mu1t1component system made up of the target 1att1ce
saturated with the imp]anted jons. No data,appear availab]e for H
sputtering of He loaded surfaces. However, data for He sputtering of
He loaded metals such as Ni can be fit with the same ;grggg_pareheters
as H sputter1ng of Ni [32]. It'seems unlikely, therefdre, that‘H
phys1ca1 sputter1ng of He loaded surfaces will be a major effect

Thus the present data consist primarily of high fluence measurements
- relevant to long burn time, high duty cycle fus1onﬁqev1ces. However, for
devices-euch as-PLB Doublet aud ISX the relevant sputtering yields are in
a low dosev(é 5 x ]016 H/cm2 per discharge) regime where the yield méy not
achieve fhe high fluence steady state value. For example, recent:measure—

ments. by Bohdansky [33] using laser f]uorescence spectroscopy indicate that
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the H sputter yield of Fe up to a dose of 6 x 10]6‘H/cm2 is an order of
magnitude Tower than that previously reported at higher doses (> 6 x 1018 H/cmz).
This effectbmay explain the discrepancy between the observed Fe concentration in
the PLT plasma compared to the BALDUR [34] transport ca]culation; using high

fluence sputter yields.

_So far we have.diécussed synergisms only on physicd] sputtering.
A'significdnt contribution to impurity introduction may bé made by'chemi—
cal sputtering in pérticulan if significant use of first wall materials
such as carbon is made. it‘is expected that gas loading and operational

temperatures will be important factors in the overall ‘chemical sputtering

yield of maferja]s such as carbon [35]. Limited data relevant to quion
needs are available and more effort is required if carbon or other

reactive components are expected to be used and exposed to the plasma.

III. Conclusions

The effect of blistering or exfo]iatign on the overall plasma
induced sputtering has been reviewed and found to be potentially serious
only for the high energy o component. Sufficient data and calculations
are available to predict theiimportance of the effect for various tokamak
configurations. | . |

The synerg%stic effect of surface roughness on the‘sputtering‘yield
has been summarized and found to enhance or decre;;e the yield by less
than a factor of 3 depending on the topography. Sputtering measurements

on surfaces deliberately designed to decrease the yield such as dendrite

growth or honeycomb structures should be continued. Sputter yields from
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polished surfaces, while of interest from a fundamental point of view,
are not’relévant to plasma modelers who require yields from realistic
surfaces.

fhé synergistic effect of gas loaded surfaces on the sputter yield
has been revfewed and found to reéch'steady state at H isotope doses of
order‘.TO]9 H/cmzr» The effect‘is inevitably incorporated in the meésured
‘yier at high doses. | ' \

. There is a need to’study sbutter.yie?ds at low doses (X 10]6 H/cmz)
to determine the effects of adsorbed gas layers, low gas loading, etc.
‘These data are 1mportant for plasma modeling of present devices where H
1sotopes and wall fluences generally do not exceed v 5 x 1016/cm2 per
pulse.

If the use of reactive mater1a}s such as carbon is contemp]ated con-

siderable work on gas synerg15m, espec1a11y at high temperatures, needs

to be done.
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Figure Captions'

(1) Scanning electron micrographs of 316 stainless steel implanted with
-300 keV He at four different temperatures to a dose of 4 x 1Q!®
He atom/cm?. Note multiple flake exfoliation at 300 and 500°C.
(34] : '

(2) Surface deformation observed after 20 keV bombardment to 1.2x10'®
Het cm™2 at 575K, for samples with: (a) no pre-implantation;
(b) pre-implantation to 0.1 atom fraction He with 3-15 keV Het,
(c) 0.2 atom fraction; (d) 0.3 atom fraction. Note the disappearance
of blisters in (d). [4] '

(3) Calculation of the probability of surface exfoliation from 3.5 MeV
alpha particle bombardment of stainless steel with the calculated
incident angular distribution as a function of wall temperatures
(Tm=me1ting temperature (K)) and surface recessional velocity due
to sputtering from the D,T charge exchange neutral flux with the
indicated energy (plasma edge temperature). [7]

(4a) Typical facet structures obtained at very different irradiation and
target conditions. (a) Scanning electron micrograph of polycrystalline
Inconel bombarded with 4 keV helium ions. From H. L. Bay and
J. Bohdansky, private communication. (b) Replica micrograph of a
(100) copper single crystal bombarded with 20 keV neon ions. From
J. J. Ph. Elich. [17] '

(4b) Definition of structure parameters, coordinate systemé and reference
planes. [17] '

(4c) Relative total sputtering yields for a faceted surface with facet
angles a = 309, B = 60°, fo = cos—2 0;5 f, = cos 0. [17]

(5a) Energy dependence of proton sputtering yield of stainless steel
316 at 80°C and 500°C. [14]

(5b) Surface topography of proton irradiatiated stainless steel at
- different temperatures. [14]

(6a) Typical tungsten surface which has been covered with single-crystal
: dendrites. Only the largest dendrites can be seen, with the largest
dendrites being about 80 um high. The dendrites are single crystals,
with their <111> axes aligned to a common axis within 2°, [24]

(6b) Sputtering yield (atoms out/ions in) of various metal for “He ion
bombardment. Also shown are the results of sputtered. tungsten
dendrite Surfaces subjected to ion fluxes from an rf plasma -
discharge, and a mono-energetic accelerator beam. The yields from
the discharge are plotted at the bias voltage of the discharge system.
The solid and dashed 1ines are experimental and theoretical sputtering
values for other materials. [24]

14
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(7'a}
()

(8a)
(8b)

Surface morphology of vacuum deposited beryllium as a
function of hydrogen ion (1000 eV) dosage. [25]

Hydrogen ion erosion yield bf vacuum-deposited beryllium
and of bulk beryllium. [25] o ‘ '

Model of honeycomb cell. [22]

%pu%tering ratios for varying angular source distributions.
2 2 ) . . .

Sputtering yields versus 20 keV xenon fluence. The accuracy -
in the absolute sputtering yields is indicated by the error

bars. The accuracy in the relative yields is much better. [28]
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Figure 2
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NEUTRON SPUTTERING

M. Kaminsky

-

Argonne National Laboratory

SUMMARY

For the sputtering of metals by energetic neutrons several types of
neutron sources have been used which provide neutrons with energy
spectra which are typical for the kind of source used. For example,
in sputtering experiments neutrons from fission processes, the ’
(d,Be) reaction, and the (d,t) reaction have been used [for a review
see Ref. 1]. In addition, ion simulation experiments of neutron
sputtering by the use of 16 MeV protons have been performed [see
Ref. 2].

Fast neutron sputtering yields for different metals irradiated for
neutrons from fission processes and the (d,Be) reaction have been
reported by various authors to vary from 7 (5.7 % 0.8) x 10-3 to
(1.8 £ 0.56) x 10~6 atom/neutron (see enclosed Table 1 and Refs.
3-9). To what extent differences in the target materials used, (e.g.
Fe and Au), in the surface microstructures, and in the neutron
sbectra account for the observed differences in the yield values
cannot be clearly delineated.

Neutron sputtering yields for different metals (e.g. Nb, Au) for
energetic neutrons from the (d,t) reactions have been reported
by various authors to vary from v 3 x 10-3 to v 1.1 x lQ’S'atom/
neutron (see enclosed Table II and Refs. 10-16). 1In addition, in a
round robin experiment [2] two types of cold-rolled Nb targets
with different surface finishes were used in irradiations with
neutrons from the (d,t) reaction, the (d,Be) reaction (with 40-
MeV d) and with 16 MeV protons. Total sputtering yields in the
"range 1.4 x 1075 to £ 2.6 x 10-3 atoms/neutron were reported (see
enclosed Table III taken from Ref. 2). The participants in the
round robin experiment concluded that the estimated probable
shutter yield value is no larger than 10-% atom/neutron.
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Two of the three groups using neutrons from the (d,t) reaction ob-
served that the target material was not only emitted atomistically
but also in the form of micrometer sized chunks. One of the groups
using neutrons from the (d,t) reaction, and the two groups using
16-MeV protons did observe only atomistically released Nb. Further-
.more, for the sputtering of cold rolled vanadium with two different
surface finishes by (d,t) neutrons, total sputtering yields ranging
from £ 5 x 10~5 to 4.5 x 10~% atows/neutron have been reported [17].
For one type of target both atomistically sputtered vanadium and the
emission of vanadium chunks was observed, while for the o*her type
of target only atomistically sputtered vanadium was observed.

Based on the sputtering yields reported for cold rolled Nb and V
under (d,t) neutron irradiation it is generally agreed [1, 2, 17]
that the surface erosion of fusion.reactor components by neutron
sputtering will not be significant. However, as pointed out in

Ref. 1 and 17, the effect of chunk emission on plasma contamination
will need to be assessed. In turn, it has been speculated [1, 17]
that the chunk emission is only a .transient phenomena during the
start-up of a new fusion reactor and may not need to be considered
for the long-term operation of such reactors.

Fast neutron sputtering yields for some materials which have been

. calculated by several authors [1,18) using Sigmund's theory are
listed in Table IV. The calculated values are generally lower than
the experimental values listed in Tables I and II. Sigmund's

theory, based on the development of displacement cascades, cannot
account for the observed chunk emission. Robinson [18] has shown,
that dynamic ‘interferences between cascades can also not account for
chunk emission.” A model for chunk emission was developed by Guinan
[19] who pointed out that the collision cascade resulting from a
neutron hit can produce local stresses large enough, according to.
Griffith's criterion, to nucleate a penny-shaped crack about the size
of the cascade. Such a microcrack could then be-driven to micrometer
size by the stress field of locally stored energy under certain: '
conditions. Two types of dislocation arrays, unstressed single pile-
ups and sub-boundary climb pile-ups, were identified as candidates for
the needed energy storage configuration. He .pointed out that each
such configuration would have suffered more than one approprlate
neutron hit in the experiments of references 13-15.

Robinson et al. [20] have extended Guinan's model to provide arguments
for the dependence of chunk emission on protrusions or steps on the
‘surface. They also suggested oxide intrusions as an alternative
source for large internal stresses. :
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Table I Fast Neutron Sputtering Yields for Different Metals

Neutron

S Neutron
Source Target Mectal® Energy®
230  Battelle Research Reactor Au spectrum
Fission' Bulk Shielding Reactor, Au o ‘
ORNL ' .
CP-5,ANL Au (monocrystal) i
Batte le Research Reactor -Te ”
FC »
(at, 200°—340°C) (average
( ~ 2.0 MeV)
Pu-Be - : Au mean ~ 4.2
D-Be (40-MeV D, cyclotron) Au spectrum
(electropolishcd\ [0-35 MeV
Au peak ~ 15 MeV] .
(cold rolled)
Nb
(monocrystalline)
.Nb
(dxscharge
machined)

- * All targets are pol} crystalline unless stated otherwise,
* Orly neutrons with cncrg:*s larger than 0.1 MeV were considered as contribut-
‘ng to sputtering and accourted for in the total dose value quoted. The maximum
teutron energy can go up to 7 MeV, but the fluence at the high energy tail is 2-3
rders of magnitude smaller than at 0.1 MeV i .
*Revised to 1.8 X 1073 ntom/neutron (32)

!
i
i
i
|
!

Irradiated with Neutrons from Fission Processes and the (d,Be) Reaction

Neutron Dose
© (neutrons/cm?)

4 %107
not stated

< 2,1 X 10"7-5.5 X 107
2 X 10

7.8 XX 10'8-1.4 X 10"

3.6 X 10'1-7.3 X 101
4 X 108

2.5 x 10
3.5 X 1018

3.3 X 10

Sputtering Yield S,

‘atomm/neutron) - ‘ Reference
(1.0 = 0.3) X 107 3
(1.83 = .56) X 10°¢ 4
1 X 1076 > 10-2° 5. .
(5.7 = 0.8) X 107 é
4.5+ 0.7 X 1073 7
3.X 10°-8 X 107 7
05 8

<7X10%, <3X10% ..

<7TX10%, <13 X10%
<3X10%f

<3 X103

¢ Revised valie of the one in Ref. 30
* The same authors later suggested (£8) that there may have been large sys-

tematxc errors in this value.

! Forward sputtering yield.
* Backward sput'enng yield.
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Table ' Summary of (d,t) Neutron Sputtering Yields for Different Metals®

Tﬁnget Metal®

Au {monocrystallinc)
Au
Au

Au (annealed)

Nb (cold-rolled, lightly etched, 5-10 um miero-
finish)

Nb (cold-rolled, lightly electropolished, ~ 5 um
microfinish) : -

Nb (annealed, clectropolished)

Nb (monocrystalline)
Nb (eold-rolled, clcctro«pelish'ed, 1-5 am micro-

finish)

Nb (cold-rolled, heavily etched, 1—4 um micro-
finish)

" Nb {cold-rolled, lightly etched, 1—4 um micro-

finish)

- The 'mean energy of neutrons is 141 MeV,

Neutron Dose
{neutronsfcm?)

2.3 X 10%

24 % 10%

1.9 % 10
5% 10126 X IO'f“
5 X 10%-1.5 X 108

5% 10
46 X 10%

4.3-4.6 X 10

1.7 ¢ 10
5 X 1014-2.6 X 10

53X 10126 X 10"

5 X 10%-2.6 X 10%

* All targets are polycrystalline metals unless stated otherwise.

- “Backward sputtering yicld.

Sputtering Yield S, {atom/neutron)
3X10% ‘
<6 X 10
3.3 X 107,26 % 1074*
2.5 X 107545 % 107*°, 1.2 X 1073200 X 10°¢°

< 2 X 104-7.6 X 107 {2.2 X 107%) * {includes contribution

from chunk deposits of 5 X 1073-1.6 X 10°* {1.6 X 107) ‘]
< 60X 107 ’

<2X 1@ ~1.7 X 107 {3.7 X 10%)" {includes contribution
* from chunksof 0~1.1 X 107 (3.6 X 10%)“] .

< 2 X 10452 X 107 (68 X 104} [contribution
from chunks, 0-2 X 107 (1-3 X 104) ‘]

<2 X10%
1.1 X 107%-5.9 X 10™*, 1.5 X 107-1.3 ¢ 1073*

6.4 X 107~ < 23 X 104, < 4.4 X 10°= < 1.0 10°%*
< 3.6 % 105,85 X 107

¢ These ar= highest values observed in a run.
* Forweard sputtering yield. :

" Reference

19
11
12
13
14

T 13-
14, 15, 16




» Table I, Su‘mmary of Results

Type and Chunks
No. and : energy of Sputtering ratio Size Decnsity Methods of anal- v
type of No. of irradiating “atoms/ncutron - {avg) f(avg) ysis and sensi-
Laboratory targets collectors  particle or proton @m) (No./cm?) tivity limits Comments
PNL - 2 Nb(a)? 2 14, 8-Mev =6.6x10% to s cee Neutron act. anal, Yields are in-
) . neutrons =2,6x103 ) .Sensitiv. 2x10'!  dependent of
PNL 2 Nb(B)® 3 14, 8-Mev =6,0X105%t0 e v to 2 x10'2 atoms  fluence. Low-
- neutrons . =1,3x1073 est values of S,
should still be
considered as
. . upper bounds on
, the sputtering
. ratio. Back
4 ground from
' blank runs
, ‘ averages 2
x10'? atoms per
collector.
ANL 6 Nb(A) 6 14, 8-MeV 7%10%5 1o 0.2— 0-11 "
. . -neutrons 7x10"¢ 1,7 RBS (5X10™)¢ Collectors from
ANL 2 Nb(B) 4 14.8-MeV <2x10% to - IMMA (1 x10°%)°¢  blank experi-
. neutrons <3x10™% e e SEM (~0.1-pym- ments with type
. diam chunks) Nb(A) targets
-AES (1x107%)* which had not
IMMA scan of col- been exposed to
lector area - 14,8~MeV neu-
' facing Nb(A) was tron irradia-
4.85 cm?, and tion, but had
: facing Nb(B) was recceived identi-
. 3.64 cm?, cal kzndling,
. procedures re-
‘vealed no chunk
.. N . : deposits.
LLL 1 Nb(A) 1 14.8-MeV 1.45%10 2 39 IMMA and SEM  Collectors from
neutrons used to examine a blank experi-
LLL 1 Nb(B) 1 14, 8-MeV 1,36x10 oo o e 1.3 cm? ment with a tar-
, neutrons | ' get of type
.Nb(A) and no
;  neutrons had
1,8x10! cm?
atoms on the
collcctor and no
observable
) chunks,
ORNL 3 Nb(A) "6 d, Be), ) see ve SEM, chunk reso- Examined 20,
3 Nb(B) 6 d=40 MeV s ce lution 20.5-pm . 1-mm? areas on
. broadly particles each of 18
peaked at collectors.
' 15 MeV
McMaster U, "2 Nb(A) 4 16-MeV Sqx107 R L) 0.2 cm? by SEMY Negative results
- protons : . 0.5 cm? by AES?  for Nb detection
2. Nb(B) 4 16=MeV =gx10 e LI 0.1 cm? by SEMY in all cases.
. a protons '. .
LLL, 1 Nb(A) 1 16-MeV © o 2.2x10° s AR IMMA Sputtering ratios.
‘ protons ) 0.5 pm chunk re- believedto be
1 Nb(B) _ 1 16-MeV 2,2 Xx10% oo 0. solution and accurate to
: protons : ~10' atoms/cm? within a factor

sensitivity

of 5. -

*NL(A)—targets prepared by ANL (sce Sec. ILA).
YNb(B)—targets prepared by Battelle (sce Scc., IA).

“Sensitivity values arc quoted in monolayers of niobium

on Si (111) collectors. .
¢Minimum net area estimated more than 1 em? actually
scanned,
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Table IV

The Sn values were calculated by Robinson in Ref..18.

. . . » ) .
The Sn values in parenthesis were calculated using the <o ED> values given by Robinson-

and others wére calculated using <o ED> values given by Parkin et. al.
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Fast neutron sputtering yields Sn’ for some materials calculated
using Sigmund's Theory.
' T PR
<o ED> : Sputtering Yields Sn (atom/neutron)
for 14-MeV N , ‘e
neutrons Forward S_ for Random 5, for
Target Uo ) 2 20. : . n 235 4
Metal (ev/atofm) (ev - cm” x 1077) 14-MeV neutrons® U Fission neutron spectrum
c 7.4 |0 4.26 (2.8) 2.4 x 10°% (1.6 x 1076 -
Al 3.36 16.4 (17.5) 2.1 x 107 (2.2 x 107) 2.4 x 107°
T4 4.89 - 19.8 1.7 x 107 -
v 5.33 23.7 1.9 x 107 -
Cu 3.52 (25.3) (3.0 x 107) 1.9 x 107
Nb 7.59 27.3 (24.5) . 1.5 x 10_5 (1.4 x 10;5) 8.9 x 10"6
Au 3.80 (18.2) (2.0 x 107°) 1.1 x 107°
"he values are taken from Parkin et. al. ; the values in paréntheéis are takeén from
Robinson. -
ttt




SPUTTERING: THEORY-MODELLING

*
I. Transport Theory, Computer Simulation, and Monte Carlo

L. G. Haggmark
Sandia Laboratories, Livermore, California

Many attempts [1-7] have been made to theoretically predict physical
spittering yields of various materials bombarded by energetic ions.
These attempts fall into two broad categories: The first involves the
use of tramsport theory [1-4], e.g. solution to the Boltzmann transport
equation, and the other involves the use of computer simulations or
Monte Carlo techniques [5-17]. The former rely on direct analytic or
numerical procedures while the latter, by their nature, attempt to
simulate the actual physical processes. These two theoretical
approaches will be discussed below, with emphasis on the more compre-
hensive or recent formulationms, '

Transport Theory

Until recently, the most detailed theoretical treatment of sputtering of
amorphous materials was done by Sigmund [3]. Sigmund used a semi-analy-
tic approach known as the moments method to solve the Boltzmann trans-
port equation. Using several assumptions, he obtained an analytic
solution which showed the sputtering yield was proportional to the
recoil energy density deposited at the surface and inversely proportional
to the surface binding energy (e.g. heat of sublimation). The assump-
tions or restrictions included in the Sigmund formulation involve-the
neglect of the surface in determining the deposited recoil energy and
the neglect of bulk binding energies. Furthermore, the recoils are
assumed to be isotropic in nature. Even with these and other assumptions,
comparisons of Sigmund's predicted sputtering yields with experimental
data have shown good agreement for heavy ions. However, the agreement
is rather poor for low energy, light ion sputtering yields which are of
particular interest for fusion applications. Even when some adjustments
are made to the theory, the predicted yields are still a factor of 10 or
more greater than experimental data. Behrisch, et al. [17], using the
MARLOWE program [18], have recently calculated the recoil energy density
from light ions moving toward the surface and with the recoils being
above a given threshold energy. When this energy density is used in
Sigmund's analytical solution, the agreement with experiment is greatly
improved.

*This work supported by the U.S. Department of Energy.
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One of the most recent developments in sputtering theory is the work of
Hoffman, et al. [4]. They have used the highly developed discrete ordi-
nates method to obtain sputtering yields. This method is a numerical solu-
tion of the Boltzmann equation and can treat finite medium problems. Using
LSS theory for nuclear scattering and electronic stopping and a planar
potential surface barrier, good agreement is obtained between the predic-
tions and the experimental data for both light and heavy ions. This method
shows great promise since it can determine not only sputtering yields but
also angular and energy distributions of sputtered particles as a function
of the incident energy and angle.

Computer Simulation and Monte Carlo Methods

During the last fifteen years, there have been a number of sputtering stud-
ies which have used computer simulation and Monte Carlo techniques (see
Table I). In contrast to the continuous slowing down which occurs in
transport theory, these techniques.allow the discrete nature of the target
and the atomic collisions to be taken into account explicitly. The use of
computer simulation has ranged from binary collision calculations of the
recoil energy deposited at the surface [10,17] to molecular dynamics cal-
culations [7-9,19] in which the simultaneous motion of a large number

(v 200) of -atoms are followed. Simulations in the latter category require
a great deal of computer time and, thus, are not well suited for routine
sputtering calculations. These type of computer simulations are princi-
pally useful for investigations of detailed mechanisms for atomic pro-
cesses in crystals or perhaps for some very specific input to binary
collision.calculations. '

In the last two years several approaches [1]-17] have addressed the cases
of low energy, light ion sputtering using more realistic interactomic
potentials. These approaches have used the simulation formalisms that
are contained in two computer programs: MARLOWE [18] and TRIM [20]. Both
of these programs use the binary collision approximation and generally
base their nuclear scattering and electronic stopping on similar formal-
isms. The major difference between them lies in the target structure.
The MARLOWE program follows particle trajectories relative to a ecrystal
lattice; whereas, the TRIM program considers the target atoms at random
locations (amorphouse). The TRIM program was recently extended to follow
the 3-dimensional trajectory and all directional angles, so that aniso-
tropy effects at non-normal incidence can be studied. [Biersack, private
commupication]. : '

When these programs were extended to simulate sputtering, further differ-
ences were introduced in the formulation of the cascade formation and
surface ejection processes. Biersack [12,13] and Haggmark and Wilson [14]
include a bulk binding energy Ej which is subtracted from the energies:
transferred to target atoms. These two extensions of the TRIM. program
differ still in that Haggmark and Wilson's Ep is larger than that of
Biersack's. Hou and Robinson [16], using MARLOWE, have = 0. 1In the
case of the surface binding energy, both Biersack and Hou and Robinson
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invoke the planar potential barrier model (i.e. surface binding energy
ES=EHSsec26, where Eyg is the heat of sublimation). Haggmark and Wilson
use the isotropic potential barrier model, i.e. independent of 6, but
with Eg Y 1.3E4g. Even with some of these basic differences, each of
these sputtering formalisms predict sputtering yields as a function of
energy whichagree reasonably. well with experimental data.

The isotropic model and the planar model of the surface binding are pro-
bably oversimplifications of the actual physical process. However, Hou
and Robinson's calculations show that the planar model gives a more
realistic representation of the sputtered energy spectrum relative to
experimental data. Jackson's [19] molecular dynamics calculations indi-
cate that the surface binding energy is dependent on the ejection angle
0, although it is unclear from hlS limited results if this angular de-
pendence is as strong as the sec? g dependence in the planar model. Fur-
ther molecular dynamics calculations in this regard should aid in resolv-
ing this issue and also the issue of the bulk binding energy.

Conclusions

1. Sigmund's theory seems adequate for determining heavy ion sputtering
yields and is only suitable for low energy, light ion when special
conditions are imposed for calculating the deposited recoil energy
density.

2, The discrete ordinates method of Hoffman, et al. provides good
results for both light and heavy ions.

3. The present computer simulation and Monte Carlo methods using the
binary collision approximation provide sputtering yields usually
within a factor of 2, or better, of experimental data.

4.+ Molecular dynamic calculations can be useful to resolve differences
‘in the simulation models relative to bulk and surface binding energies.

5. The calculated sputtering yields may be sensitive to the choice of -
stopping powers and interatomic potentials being used, particularly
- at low energies.

6. To aid the plasma physicists and fusion reactor design engineers,
the discrete ordinates method and/or the simulation techniques
can be used to provide sputtering yields and sputtered particle
.energy and angular distributions for realistic incident energy and
angular distributions.
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Table I.

Various Computer Simulation and Monte Carlo
Approaches to Sputtering ' '

Displacement - Bulk Surface
Threshold Binding Binding -
Projectiles Targets Ed Eb . ES Comments . -
Paviov, et al. - B,AL si. - E, 30 eV 0
(1966) : .
- : . ' ' - Bus
Betz, et al. Xe,Ar C,Si,Cu, 0 . 0o . EHS’ 5
(1971) | o Ge,Ag,Cd ) ’ - cos 8
Au : ’ .
Harrison, et al. Ar -Cu Molecular Dynamits
(1968,1972,1976) :
J. E. Robinson H,D,He Nb " No Knock-ons Considered, calculated FD
(1974) :
Ishitani and Ar o si 15.8 eV 0 7.83 &
Shimizu (1975)
Biersack (1977)  H,He,Ag, Nb,Au £, Eep - _CHS
TRIM Bi,Kr | cosZO
. f * ’
Haggmark and He,H,D,T C,Ni,Mo,Au E E etEqy+E v 1.3 E
Wilson (1978) b HS IV HS
TRIM _
-Oen and H FeH,FeH, 5 eV S0 .. 0 . Sputtering
M. T. Robinson . - ' of H
" (1979) . )
MARLOWE
' : Eys
Hou and He ,Ar,Ne Cu EHS 0 3
M. T. Robinson Kr,Xe,Au ‘ cos 8
(1979)
MARLOWE
. E e
Behrisch, o Eys 0o “2'
et al. (1979) H,D,He : Fe,Mo cos 6 '
MARLOWE 0-12 eV 0 N.A. » Calculated
' F
D.

Heat of sublihation

Frenkel pair formation énErgy

Vacancy formation energy |

"Effective" Interstitial formation energy
Deposited.recoi1 energy density

Not applicable
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Examples of Theoretically Predicted

Sputtering Yields
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Sigmund's Theory Compared to Experimental Data

[Phys. Rev. 184, 383 (1969)]
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SPUTTERING YIELD (Cu/Ar)

SPUTTERING YIELD (Cu/He)

Hou and Robinson (MARLOWE)
[Appl. Phys. 18, 381 (1979)]

ORNL-DWG 78-12604

h T T 1T T T T T
30— - —
_.§ T I '
2 — ' -
(@) 1 keV Ar == Cu (AMORPHOUS)
PLANAR SURFACE BINDING
e NORMAL INCIDENCE _
0 S I S A SN AN A S A
0.2 1717 1717 1 1 | 1 1
(b) 1 keV He —s Cu (AMORPHOUS)
PLANAR SURFACE BINDING
NORMAL INCIDENCE ‘
| R
04 /§/§/§’§ —éﬁ
o AR N N NN G N S S B
0. 5 10

* TARGET THICKNESS (3.645 & units)

14-8




6-%1

SPUTTERING YIELD_(Cu/Ar) -

-b'
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Hou and Robinson -
. [Appl. Phys, 1§,-381 (1979)]

ORNL-DWG 78-12598
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NORMALIZED SPUTTERING YIELD

" Hou and Robinson (MARLOWE)
[Appl. Phys. 18, 381 (1979)] - o
‘ ORNL-DWG 78-12600
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SPUTTERING YIELD (Cu/incident particle)

Hou and Robinson

LAppl. Phys. 18, 381 (1979)] S
- ORNL-DWG 78-12599
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Hoffman, et al. (Discrete Ordinates Method)
[Nucl. Sci. Eng. 68, 204 (1978)]
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II. Analytical Expressions: Physical Sputtering

Dale L. Smith
Argonne National Laboratory, Argonne, Illinois

’

The need for analytical expressions to represent physical sputtering
yields of fusion reactor first-wall materials arose primarily from the
sensitivity of the plasma performance to minor concentrations of impuri-
. ties and the lack of experimental data. Of particular significance is -
the number of parameters that must be con51dered Important parameters
include:

incident ion (or mneutral)
. 1ion energy |

angle of incidence

wall (target) material

. morphology of wall surface

For the fusion reactor applications the conditions of primary interest
are the light ions and relatively low energies ( £ 1 keV). Until re-
cently, these were the areas where experimental data were more sparse.
Also, theories developed were less applicable for these same conditions.

Early estimates of sputtering yields for light ions were developed by
Goldman and Simon(1) and Pease.(2) The analyses were based on high-
energy ions where the primary collision between the “incident ion and
target atom can be treated as a Coulomb collision. For .energies

E > Eg (where Eg is typically several keV for hydrogen isotopes incident
on transition metals), these calculations give the correct order of
magnitude for sputtering yields and approach a 1/E energy dependence at
hlgh energles.

Figure 1 shows a plot of the predicted sputtering yields for deuterium .
and helium on niobium compared with experimental data. WNearly all of the
more recent analytical expressions for physical sputtering are based on
the theory developed by Sigmund. 3, Using the Boltzmann transport
‘equation, Sigmund obtained the following solution for the sputtering yield
of amorphous solids.

S(E,n) = A-F(x=0,E,n)

where A, which is a constant characterlstlc of the solid, is glven
approximately by
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where U, is the surface binding energy and N is the atomic density of the
target material. .The F term is the deposited energy function that can be
further defined by

F(x=0,E,n) = a-N-S,(E)

where S (E) is the nuclear stopping power, and a is a factor that contains .
the dependence of the sputtering yield on the angle of incidence of the
ion, the mass ratio of the ion and target atom, and the interaction poten-—
-tial. The x=0 relates to the depth of energy deposition in the target, E
is the ion energy and n is the angle of incidence. Various assumptions and
approximations for the factors in F have been used by dlfferent 1nvest1ga—
tors to obtain expressions for the sputtering yields.

Several energy dependent sputtering-yield curves for hydrogen ions inci-
dent on Fe (stainless steel) are shown in Fig. 2. Weissman and Sigmund(4
based their calculations on Lindhard's(3) model for the nuclear stopping
power and calculated values of a. Although the Sigmund theory gives a
reasonable approximation of sputtering yields for heavier ions, the pre-
dicted sputtering yields for light ions are grossly overestimated when
compared with experimental data. Also, the general shape of the energy
dependent curve for light-ion sputtering does not agree with experimental
observation at low energies.

Sputtering yields predicted by Littmark(6) are based on slightly different
deposited energy functions which give reduced sputtering yields at lower
energies. The calculated values are still much hlgher than the experi-
mental results. -

Danyluk and Bratt(7) obtained similar results at the higher energies and
empirically fit a low-energy curve with a direct energy dependence.

Guseva(8) used the Sigmund formalism to develop expressions for the
sputtering yields of light ions. In order to obtain better agreement with
experimental data, the o parameter was adjusted by correlation with
existing sputtering data. Guseva's results give over a factor of six
greater peak sputtering yields for molybdenum than for tungsten when
bombarded by hydrogen.

Smith(g’lo)has developed a model that gives the energy-dependent physical
sputtering yields for various plasma particles incident on candidate
first-wall materials. - The expression for the physical sputtering yield,
which is based on both theoretical and experimental consideratioms, is
given in terms of the atomic and mass numbers of the incident and target
atoms, -the surface binding energy of the target material and the energy
of the incident particle. The general shapes of the sputtering yield
curves are based on theoretical models, whereas the magnitudes of the
yields are derived primarily from experimental data. Characteristics of
the- orlglna1 sputter-yield curves(9) include: (a) a direct energy
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dependence at low incident particle energy, (b) a 1/E dependence at high
incident particle energies, and (c) a peak at intermediate energies where
the yield is relatively insensitive to energy. The recent modification(10)
incorporates a threshold energy term into the expression to give an asymp-
totic approach to zero sputtering at the threshold rather than the abrupt
cutoff originally presented. The modified sputtering yield is given by

20 2.2 ™ ’(E'Eth)
S(E) = o z,z, R 5
o 2 (E-E , + 50°2.Z2.)
. Lt . L .
where’
2
M, + M)
= — f M
Eth 4M\M, Uy for My = My
Mz .
= e - > M
Eth Ml Uo for Ml )

Predicted sputtering yields from this model are shown in Figs. 3-7 with
available experimental data. Fairly good agreement with experiments has
been obtained for several candidate wall materials.

Although this model was developcd for metal wall materials, it has been
extended to certain stable compounds. The agreement with recent data for
SiC and B4C given in Figs. 8 and 9 is suprisingly good, particularly with
respect to the shape of the curve.

The angular dependcnce of the sputtering yield has received less attention.
winters(11) has presented a review of physical sputtering that summarizes
the work on the effect of the incident angle on the sputtering yield. The
cosine dependence gives a fairly good approximation of some of the data
for angles up to 70 degrees from the normal. Calculations based on
Sigmund's theory give a fairly good approximation to experimental data for
argon ions to angles of 70 degrees. Data with which to compare calculated
values for light ions are rather sparse. Further work on light ions and
low angles of incidence (> 70 degrees from the normal are needed. 'Although
effects of surface condition have received some attention by experimental-
ists, limited effort has been expended on theoretical considerations.
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III. TRIM—Neutroﬁ—Sputtéring Calculations

. J.P. Biersack ‘
Hahn-Meitner Institut, 1000 Berlin 39, Fed. Rep. of Germany
. and -
A. Riccato and W. Kaczerowski ' .
Technische Universitat Berlin, 1000 Berlin 12, Fed. Rep. of Gefmany'

High fluence experiments with 14.1 MeV .neutrons are often simulated-
by 16.4 MeV proton experiments which are more readily accessible and
require shorter irradiation times. Based on nearly equal nuclear
cross sections, similar radiation effects were expected for protons
and neutrons, but were never proved rigorously. A more detailed
‘analysis is now carried out by using the TRIM-Monte Carlo code for
following the trajectories and cascades of nuclear reaction products
and recoils. Nuclear cross sections of Kammerdiener and Logan are
used for the recoil production, and a Moliere potential is applied

to the slowing -down and cascading recoils. In niobium a "bulk bind-
ing energy'" of 8 eV (Frenkel energy) and a "surface binding energy"
of 2 eV is used in the TRIM program. The results are the following
sputter ylelds: neutrons (forward direction) 14 x 10-6 atom/neutron,
neutrons (backward direction) 0.2 to 0.3 x 10-® atom/neutron. For
protons (forward direction) 24 x ‘10~6 atom/proton, and for protons
(backward direction) 10 x 106 atom/proton. About 10 x 10~® atoms/ -
proton can be attributed to the Coulomb interaction of protons,
equally effective in forward and backward direction, since primary
recoils receive a momentum nearly normal to the proton direction and,
hence, the forward to backward ratio is increased from 2.4 for the

" proton case to 45 to 60 for the neutron case. The general conclusion
is that nuclear reaction products and recoils from nuclear scattering
events result in equal escape and sputter yields, but that the addi-
tional Coulomb scattering of protons affects the total sputtering
yield and the forward to backward ratio considerably.
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