
~~0775 
~roceedings of the Workshop on 

Caused by 

Sputtering 

Plasma (Neutral Beam) Surface Interaction 

Argonne National Laboratory 
July 9-10, 1979 

Planned By 
The Plasma/ Materials Interact ion 

Task Group 
Office of Fusion Energy, ER 

U.S. Department of Energy 
Office of Fusion Energy, ER 
Division of Development & Technology 
Materials & Radiation Effects Branch 

.. 
nt&TRIB'' • • T -; lt rLI • I EO 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



~--------------NOTICE--------------~ 

This report was prepared as an account of work sponsored by 
an agency of the United States Government. Neither the United 
States Governmem or any agency thereof, nor any of their 
employees, make any warranty, express or implied, or assume 
any legal liability or responsibility for the accuracy, com­
pleteness, or usefulness of any information, apparatus, 
product, or process disclosed, or represent that its use would 
not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, 
mark, manufacturer, or otherwise, does not necessarily con­
stitute or imply its endorsement, recommendation , or favoring 
by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Govern­
ment or any agency thereof. 

Printed in the United States of America 
Available from 

National Technical Information Service 
U. S. Department uf Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

NTIS price codes 
P rinted copy: A IO 
Microfiche copy: AO I 



CONF-790775 

UC-20c, -20f 

Proceedings of the. Workshop on Sputtering 

Caused by 

Plasma (Neutral Beam) Surface Interaction 

Argonne National Laboratory 
July 9-10, 1979 

Published April 1 980 

Planned By 
The Plasma/Materials Interaction 

Task Group 
.. , 

.Office of Fusion Energy, ER 

Sponsored By 

U.S. Department of Energy 
Office of Fusion Energy, ER qn 1~7...g 

Division of Development ·& Technology· 
Materials & Radiation Effects Branch 
Washington-, D.C. 20585 

...-------DISCLAIMER I . 
This book was prepared as an account of work sponsored by an agency of the United States Government. 1 
Neither the United States Government nor any agency thereof. nor any of their employees, makes any 
warranty, CKpress or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use ..-.outd not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise. does 
oX.\ (lti,~rilr c:.trMthutt: or \mplv in er.dor~mer.t, reeommtr.dbtlor., or ftNorlr.g by 11\fl Ur.hed 
States Government or any agency thereof. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agencv thereof. 

FUSION POWER PROGRAM 

Argonne National Laboratory 
9700 South Cass Avenue 

Argonne, Illinois 60439 

OF THIS OOCUMHH IS UNLIMI~ 
DlGTRIBUT~N ' \ J 

---------------------



THIS PAGE 

WAS IN·trENTIONALLY 

: LEFT BLANK 



PROCEEDINGS OF THE WoRKSHOP ON 
SPUTTERING CAUSED BY PLASMA (NEUTRAL BE~M)-SURFAC~ INTERACTION 

Argonne National Laboratory 

July 9-10, 1979 

List of Contents 

Introductory Remarks, C. Finfgeld, US-DOE 1 

For~w6rd, J. N. Smith, Jr. and M. Kaminsky ...•.• ·.····'········ ..•• 2 

Workshop Objectives .............. , , ••... , . . . . . • • • • . . . . • . . . . . . . . . . . 4 

Summary of Workshop Di-scussions Regarding Gaps in the 
Experimental and Theoretical Data Base, and of Priorities. 
of Work to be Done, M. Kaminsky . . • . • • . . . . . . . . . . . . . . . . . . . . . . . . . • . . 5 

Summary Reports.· 

Need for Sputtering Data 

1. Sputtering Data Requirements for Tokamak Transport Codes, 
C. E. Singer and D. E. Post ..•...•..•.......... · •.••........•. : .. 1-:-1 

2. Sputtering Data Needs for Modeling Tokamak Transport 
in.High Beta Experiments, J. T. Hogan ........................ 2-1 

3. · Plasma Impurity and Buildup in Mirror Devices, 
R. S . Devoto ........................................ ~ . . . . . . . . 3 -1 

4. Needs for Sputtering Data in·Fusion Reactor Design, 
G. A. Emmert •••.•...••..•...••.••..•......•....•.•••.•••.••.• 4-1 

Experimental Observations in Existing Plasma Devices 

5. Experimental· Observations of Sputtering in Tokamaks, 
H . F . Dy lla . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 -1 

6. Surface Erosion Due to Sputtering, 
Joseph L. Cecchi ...•.••.••....••....••.....•.•..•........• • . -6-1 

iii 



Existing Exrerimental Data Base 

7. Light len Sp~ttering Yields, 
J. B. Roberto . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • 7~1 

8. Sputtering by Plasma Impurity Ions (Z > 2), 
J. N. Smith, jr .......... · .....•. _. ..... : ........... : .. · ......... 8-1 

9. ·Energy and Mass Distribution of Sputtered Particles, 
A. R. Krauss and R. B. Wright ........ · ............•.....•. ; • . . . . 9-1 

10. Angular Distribution of Sputtered Particles, 
M. Kaminsky ... · ................ · ................. , ............. · 10l1 

11. Reactive Sputtering and Chemical Erosion, 
R. R. Rye ..................................................... 11-1 

12. Synergisms in Sputtering and Blistering of Surfaces, 
K. C .. Wilson and 1-J. Bauer .............•.... ~ ............... :. 12..,1 

13. Neutro~ Sputtering, M. Kaminsky ........ · ....................... 13-1 

Status of Sputtering Theory- Modeling 

i4~ Transport Theory, Computer Simulation, and Monte Carlo, 
L. G. llaggmark ...•....................•........... , ..... .- ...... 14-1. 

15. Analytical Expressions: Physical• Sputtering, 
Dale L. Smith . : . .. · .......................................... ~- 15-1 

16. · TRIM-Neutron-Sputtering Calculations, J. P. Biersack, 
A. Riccato and W. Kaczerowski ....... · .... , ..................... 16-1 

iv 



WORKSHOP ON SPUTTERING CAUSED BY PLASMA 

(NEUTRAL BEAM) SURFACE INTERACTIONS 

Argonne National Laboratory 

July 9-10, 1979 

INTRODUCTORY REMARKS 

Charles ~· 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 fund~ng 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 irt design studies, we have obtaineda 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 exi~ting data ~n 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 tnat those 
of you participating in this Workshop will succeed in doing these 
tasks. 

' . 

1 



FOREWORD 

The Workshop. on Sputtering Caused' by Plasma (Neutral Beam)-Surface Inter­
action's is one of a series of workshops which ·was planned by the Plasma 
Interaction Task Group and conducted under the auspices· of the Materia'ls 
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 t·o surface erosion of. irradiated components. ·It was . 
decided not to include in this workshop an extensive review of the blister­
ing phenomenon, a· process which C'.an contribute signif~cantly to surface 
erosion under certain irradiati,on conditions. In view of the large amount 
of data availabl~ 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 (exp.erimental 'and theoretical) for sputtering 
relevant to plasma-wall interactions, 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 ~n 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, togethe.r with 
an indication of the priorities. 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: 

J. Biersack, Hahn-Meitner Institute, .Berlin, Germany and 
A. Riccato and W. Kaczerowski, Techn. Univ., Berlin, G~rmany 

J. L. Cecchi, Princeton Plasma Physics Laboratory 

S. Devoto, Lawrence Livermo.re Laboratory 

F. Dylla, Princeton Plasma Physics Laboratory/~~, 

G. Emmert, Univ~rsity of Wisconsin-Madison 

L: G. Haggmark, Sandia Laboratories-Livermore 

J. T. Hogan, Oak Ridge National Laboratory 

A. Krauss and R. B. Wright, Argonne National Laboratory 

J. B~ Roberto,· Oak Ridge National Laboratory 

R. R. Rye, Sandia·Laboratory-Albuquerque 

C. Singer and·D. Post, Princeton Plasma Physics Laboratory 

D. Smith, Argonne National Laboratory 
'· 

K. Wilson and .w. Bauer, Sandia L'aboratories~Livermore 
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In addition, we would also like to acknowledge gratefully the valuabJe 
verbal c'ontributions made by the follow:J,ng 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 L~vermore Laboratory 

R. Langley, Oak Ridge National Laboratory 

D. Mattox, Sandia Laboratories-Albuquerque 

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

M. T. Robinson, Oak Ridge National Laboratory 

The workshop was preceded by an information me.eting held at General Atomic, 
San Diego, California; April 30-May 1, 1979. This meeting was attended 
by many of the authors listed ab'ove, and it was held to plan the agenda 
for the workshop, to identify the people tq 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 t..rorkshop 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. Com'lie Bury, all at Argonne National Laboratory, for the:i..r secretarial 
assistance. 

Joe N. Smith, Jr. 
General Atomic 
Co-Chairman 
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Manfred Kaminsky 
Argonne National Laboratory 
Co-Chairman 



WORKSHOP OBJECTIVES . I 

(1) 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 de~ices, and future fusion reactors. 

(2) Assessment of the available data base on sputtering rele­
vant to plasma-wall interactions. Assessment of the sta­
tus.of different theoretica~ approaches for sputtering 
calculations. 

(3) Assessment of the g?ps 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 
do~e in th~ future. 

(4) 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 Sputtering, San Diego, April 30, 
May 1, 1979. 
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SUMMARY OF WORKSHOP DISCUSSIONS 

A, review of the workshop discussions on the needs for sputtering data 
and for improvements of the theoretical approaches for sputte.ring 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 cOmlJn~hensive data base for physical 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 rep'orts 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 com~rehensive 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 iri ·the near 
future. One exception to this is the sputtering yield for 20-100 
keV/amu Hand Don metals (C, Fe, Ti, Mo, W). The flux of these neu­
trals which come fr'om the portion of the neut-ral 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) ~hich have re­
ceived different surface treatments, for example, such as (1) plasma 
cleaning, (2) degreasing (without plasma cleaning), (3) coating under 
in-situ condftion·s. Finally, for the determination of sputter yields of 
first wall materials under plasma radiations the use of iri-situ detec­
tion .techniques (e.g. laser fluorescence spectroscopy) was recommended. 
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Table 1. 'Experimental Data on Physical Sputtering Needed for Fusion Applications 

Energy Range for In- Incident Project- ! 
cidcnt Projectiles ile Species Target Materials· Quantities to pe Determined 

Plasma Fuel Pro- Elemental Mater- (1) Total Yield Values for Elemen-
i_ectiles: (e.g. ials: -- (e.g. Li, B, tal Haterials. 

, H, D) C, Al, Ti, v, Cr, 
Fe, Ni, Cu, W) (2) Differential Yield Values for 

Fusion. Reaction I the Constituents of Alloys and 
Products: (e.g. Alloys: (e.g. Compounds. 
He) steel:::, V(Ti), 

V(Ti,Cr)] (3) Angular Distribution of Sputter-
Plasma Im12urity ed Species [(i) for normal inci-
Pro·jt;!ctiles: (e.g. Compounds: (e.g. dence, (ii) for near-grazing angle 

0.1 tu 1.0 kcV/amu Li, B, c, 0, Ti, TiBz, TiC, B4c) of incidence]. 

(i.ncluding plasma v, Fe, N~, Cu, Ho, 
W) (ll) Energy.Distribution of Sputter-radiations with 

ed Species [ (l) peak r·cgion of d:l.s-broader energy tribution, (il) width of dist~ihu-
spectra) t:ion at half maximum]. 

The items listed unde~ (1) to (4) 
should· be determined as ·a function 

.. dose (particularly for "gas l"oaded 
surface regions") anr;le of inci-
dence, and surface microstructure. 

1.0 to 100 keV/amu H, D, He Same as above. Same as above. 

0.1 to 1 NeV/amu H, He 
1 

Same as above. j· Same as above 

Gaps in the Dat& 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: 

(1) Establish if chemical reactions between active forms of hydrogen iso­
topes (e.g. H0 , ~) and surface atoms (molecules) are assisted by 
different types of radiation (e;g. a-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 radiations. 

(2) Establish if the simultaneous interaction of different types of plasma 
radiations will affect the kind of chemical reactions mentioned above 
under (1). 

(3) Establish if ·the erosion of first wall surfaces und~r plasma irradiation 
(and injected neutral beams) is affected by chemical surface reactions 
(e.g. determine erosion yields). 

(4) Establish if the release of plasma contaminants from first wall sur­
faces is affected.by chemical surface reactions (e.g. ~etermine yields, 
species of released particles, ene.rgy and angular distributions of 
released particles). 

of 

(5) Establish if changes in the chemical composition of firs.t wall surfaces 
(particularly. for low-Z coatings, such as C, B4C, B) occur under irra­
diations with hydrogenic plasmas or simulated plasmas or neutral deuterium 
beams. 
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Gaps in the Theoretical Approaches for Sputtering Calculations and for 
the Modeling of Plasma-Wall Interactions 

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

(1) Incorporate more adequately the angular-energy distributions of 
sputtered particles. The influence of the angle of incidence and 
of the incident particle energy 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 importance of chemi­
. c·al surface composition and of physical surface heterogeneities 
. (e.g. roughness, grain size)' for sputtering calculations and.the 

modeling of plasma-wall interactions. 

Priorities for the Experimental and Theoreti~~l_Sputtering Work to be Done 

Discussions of prio!ities 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 fcir · 
studies of chemical surface effects were cut short for lack-cif time. 

'The following major priority items were identified: 

(l) Determine total yield values for a limited number of elemental mate­
rials and, in additi~n, 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 H~V I amu for 4He) • The experimentally determined - - ' 
yield values should. help to establish scaling laws and be useful for 
plasma-wall interaction modeling. 

(2) Determine both total and differential yield values for low energy 
ions (0.1 tb 1 keV/amu for H, D, He, B, C, 0) for selected sp~cial 
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 
c'onditions listed above under (1) and (2) the following parameters. 
and/or quantities: 
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(a). '~he angular and energy distribution of sputtered species as oa, 
;:unction of the angle of incidence and of the pri1llary ion energy 
(at least for normal incidence arid 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 
n1easurement of the peak·intepsity and for the intensities of 
t:l:le 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). 

(c) The·effect of surface roughness on total yields, differential 
yields, and the angular distribution of sputtered species (for 
example, use polisl:led 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 ·af 
incident H, D, He ions) on yield values and energy distributions. 

(4) Determine for a very limited number of materials selfsput·tering yields 
for the energy region of 0.1 to 1.0 keV/amu. 

(5) Determine for a selected number of materials the yields and velocity 
distributions of particles sputtered by plasma radiations in existing 

·devices .. For these measurements the use of in-situ techniques is 
recommended. 

(6) Determine the overall surface erosion yields (caused by the simulta­
.neous occurence of sputtering, blistering, flaking) for the selected 
systems and eondit.ions described above under (1), ·(2). and (3). 

(7) Establish if the erosion yields of first wall component surfaces 
un.der 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 hyd.rogen gas and with. in-situ monitoring 
devices. 

(8) Incorporate more adequately the angular-energy distributions of 
sputtered particles into existing theoretical approaches. Improve 
~he modeling of.plasma-wall interactions by incorporating more ade­
quately the angular and energy distributions of species sputtered 
·from "technological" surfaces. 
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SPUTTERING DATA REQUIREMENTS FOR 

TOKAMAK TRANSPORT CODES 

C. E. Singer and D. E. Post 

Princeton University Plasma Physics L~boratory 

~rinceton, N.J. 08544 

I. INTRODUCTION 

The requirements 9f tokamak transport codes for sputtering data can be summarized 
as follows .. Sputtering data must be provided whiGh 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 oy hydrogenic ions and typical 
tokamak impurities with energies from 0.1 to 1 keV, and possibly :!;or 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 domina~t species ~puttered. 

This data is .. used to analyze and predict impurity l:>ehavior in current and future 
large tokamaks, and t.o 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 9e 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 l~vels .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 plasm~ sheath is important in such devic~s [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 impurity gen­
eration mechanisms in situ. 

f· 

1-1 



An ~ddition, 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 environment 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 sputtering 
on simpler surfaces. 

I II. DATA REQUIREMEN_TS_ 

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 materialswhich 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]. Ther:e 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 t?bles, 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. For 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 unsophisticated; 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-Zion, 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 projected 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 upconfined 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, accuracies better than a factor of two (-30-50%) would be useful~ 
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A moderate resuluLlon of the energy spectrum of sputtered neutral atoms is useful 
for modelling their penetration into the plasma. The tokamak geometry and source 
distriqution 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 onlj 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 of 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 an·d 
angular distributions (e. g.,± 20%) be of use in sputt~ring measurements (and, of 
course only if the measurements referred to realistic surface c~nditions). It should. 
therefore be evident that less detailed sputtering data wlll 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 
dist.ribution 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 before information 
about angular distributions is useful. The one exception is the sputtering yi~ld 
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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SPUTTERING-DATA NEEDS FOR MODELLING TOKAMAK 
TRANSPORT IN.HIGH BETA EXPERIMENTS 

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

1. 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 threspold of the first wall/limiter material. 

This fs the "conventional wisdom" for dealing with sputtering as a 
source of impurities, but recent t"rends in reactor designs may force a 
reassessment, and a greater urgency for needed information on sputterng. 
It has become apparent that the highest possible f3( = 2l-1 1(dv~ nT/B2) 

o 2 T 
(n, T plasma density, temperature) must be attained in·reaitor designs. 
While present experiments are focussed on maximizing T(O); .. f3(0), (i.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 Swill probably 

. be determined by the balance betwe·en 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 ~ vs Zeff) which _will determine the 
operating characteristics of a fusion reactor. 

2. 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, He) 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 d_ose experiments 
give only a rough guide. 

This data is expected.to be critical in the next year or two, when 
high-power. injection experiments on ISX-B, PDX, PLT and Doublet III pro-

·duce results.' Even with relativ~ly 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 ~f these results will be diffi­
cult, if not impossible, if the sputtering yields are not.known to 
within ~ 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 ·exchange neutrals which are produced by 
trapping incident injected beam atoms.wtll 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 important for the PD~ 6-MW injection experiment and the . 
ISX-B 3 m;r experiment. It is cruci·al for the Doublet· III 80 kV injection 
experiments if densities above 1014 I 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 sho.uld 
be paid to near-giazing incidence in the l0-4b keV (H0 ) 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 . 

. _j 
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Plasma Impurity and Buildup in Mirror Devices 

R. S. DeVoto 
Lawrence Livermore Laboratory, Livermore, California ~4550 

Two types of ~irror devices are currently under intensive study in fusion 
laboratories: t;he field-reverseq 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 eff~cts of impurities are much c;lifferent in the enq plugs and central 
cell of the tandem mirror. The end-.,.plugs are much like the F;tandard 
minimum-B mirror.7 Only those ions with energy 

E > 2Z cj>/ (R,-1) 

are confined. cp is the ambipolar potential, R is the mirror ratio and Ze 
is the ion charge. For typical conditions we have cp ~ 5 Te and R ~ 2 so 
only very high~energy imp~rities will be confined in the plugs, the re­
mainder being swept out the end in a t~ansit time. Even high-energy 1m­
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 pl~gs. A sketch of the loss region in velocity 

'space is shown in Figure 1. 

The situation for the central..-cell is much different. In th :_s case all 
low-energy ions are confined; only those ions with 

bein'g swept out. In this case, the ion containing potential cpi. is ·approxi­
mately Te. The loss region is shown in Fig. 2. The Jon confinement time 
out the open end scales as (Pastukhov) 

where m is the ion mass and the ion temperature T. ~ 2Te. We tbus find 
the ratio of confinement times of an impurity to ~ deuteron is 

Tp (Z,m) = 1 ( m ) l/
2 

. z T 
-:------:--
'[ (1,2). 

p 

exp [2(Z-l)] • . 
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with the r1!sults for C ~ 9'000 and Ti ~ 4 x 1017 • · Clearly, impurities 
. must find .·:heir way out radially or be diverted before reaching the. main 
central....:ce.~l plasma. 

Because of the poor.confinement of high Zions in standard mirrors, few 
studies have been made of impurities. In recently completed work, . 
Drakel3 found 0, N, C and Ti in the '2XIIB· plasma. The 0 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 Te 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 Lawrenc·e .Livermore Laboratory. The TMXl 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 198Q's, ini-

·tially with neutral beam potentials to 80 keV (n+)· 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 ne~tral energies to 500 keV off typical wall materials.is also 
desirable. · 
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. Figure 1 - Sketch of loss boundary for. ions contained in tandem-mirror 
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·Summary 

Needs for Sputtering Data in 
. Fusion Reactor Design 

G.A. Emmert 

L The 1 iner of a toroidal reactor is ~ombarded by charge exchange 
neutrals with a broad energy spectrum covering the range from the sputtering 
thre~hhld 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 limiter or target plate . 

• 
3. Determination 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 rea~tor candidate materials. 

Supporting Material 

Sputtering in fusion reactors is a source of concern primar-ily 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, 
\-Jhich 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 h~re are mea9t to be 11 ball park 11 estimates typical·of 
current power reactor designs. -3 . 

Figure 1 shows the energy spectrum of the charge exchange neutral . 
atoms reaching the .liner for various refuelling profiles in a tokamak reactor 

. with a peloidal divertor.4 Large o corresponds to shallow refuelling; this 
increases the neutral flux to the liner but also coo1s the edge of the plasma 
and thereby causes the ~nergy spectrum to be colder. The total charge ex­
change flux to the liner is - 1ol6 cm-2 sec-1 in these calculations. The 
angular distribution of the charge exchange flu~ originating at a given 
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optical depth and ~eaching the liner is shown in Fig. 2. These results in­
dicate that sputtering yields are requir~d for a broad energy spectrum 
(threshold to - 10 keV) and a broad incident angular distributinn tn order 
to deterine the impurity generation and erosion rates. The divertorless 
tokamak ·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,5,6 which in the course of their 
slowing down from 3.5 MeV can be trapped in the toroidal field ripp1e and 
drift to the liner before scattering onto confined drift surfaces. It has 
been estimated that as much as 5m~ could escape in this way with a typical 
energy of several hundred kev.6 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 ~ather different from those at the liner. 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 (Fig. 3), although they can still be 
Maxwellian in the transverse direction. ·In order to reduce the surface heat 
f.lux, it is customary to incline the surface at an angle to the magnetic fielod; 
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 Ti : Te. The dominant part of the 
energy spectrum of the ions hitting the surface can ran·ge from _ 10 keV3,7 
(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 substaritial role in sputtering Qf the surface when 
the plasma edge is colder. Secondary electron e~ission 7 •9,10 can reduce the 
sheath potential 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, b~t 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 fs given in Fig. 5 
for various angular distributions of the sputtered atoms as a function of the 
optical depth, w. The kinetic energy of the atom enters into w, which is 
inversely prop'ortional to its velocity. As shown in Fig. 5, the surviving neutral 
atom flux is e·xponenti ally dependent on the ve 1 oci ty 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 suiface 
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 rea~tor 
design experience. Similar considerations apply to other toroidal devices 
without substantial change~ The~e considerations also apply qualitative1y 
to mirror reactors, except that the-bombarding energies are potentially 
much higher and the ambipolar potential in a ~irror 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 enf~Y 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 

Therelis qualitative ev.idence 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 impurit~ contamina­
tion of plasmas in present generation tokamaks. A quantitative correlation 
of tokamak impurities with sputtering effects will require more extensive 
imp~rity 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 experiment~! 
measurements of these effects remain to be done. 

INTRODUCTION 

Altho~gh sputtering is assumed to be an important impurity generat~bn 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.l;2 Ohe 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 li~iter 
and n~utral.beam armor, are often obscured by melting and ablation. Thirdly, 
ion temperatures and pulse lengths of existing tokamaks have not been of 
suffi~ient 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-· 
elude, lost orbit effects, increased charge exchange sputtering, direct beam 
sputtering on armor pl~te, ·and sputtering in the ion 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 . 
surfa'ce, (the "scrape-off" layer). For this reason limiter and divertor 
plates and any probes introduced within the plasma scrape-off layer are ex­
posed to 103-104 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 n+ energies fall from ~600 eV at the poloidal 
ring limiter radius to 10~200 eV at the normal wall position. The measured 
.flux falls by two orders of magnitude over the same distance. Integration 
of the measured flux ~ver the first two em 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 data4, 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. Estimate~· of the impuritS introduction rate under simi­
lar condi.tions due to. impurity ion spu~tering or unipolar arcing of the 
limiter5,6 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.7,8 Measurements of impurity fluxes in the edge plasma9,7 
generally indicate fluxes 102-103 times smaller than the hydrogenic flux; 
however, the net contrl.but.ion 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 impurities intro9uced from biased probes in the 
DIVAS and MacrotorlO tokamaks sh9w that ion sputtering is an important pro­
cess when sheath potentials are greater than ~so 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 doml.nate the surface morphol­
ogy, thus preventing .the observation of surface changes induced by sputtering. 
No topographical eff~cts chara~teristic of sputter damage have been observed 
on limiters or sample probes introduced into PLT5, DITEll, or TFR.l2 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 
exchange sputtering 'of th~ wall as the primary .source of metallic impuri~ 
ties. 1q Again, the experimental evidence is 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 measurementsl5, and it is likely that surface 
probes will also be useful for these measurements.l6 Estimates of the charge 
exchange outflux (-3 x 1015 cm-2 at ne(O) = .1 x lol3 cm-3) and characteristic 
energy (-100 eV) in PLT .have been obtained from the previously mentioned 
surface probe study.l3 r:Otegrating 'this flux over·the torus area and . 
multipling by a ·typical stainless. steel· sputtering yield (-.01) results in 

.an Fe influx rate (-lol9 s-1) of· the same order as that produced by ion .· · 
sputtering of the limiter. However, mea·surements of the high energy charge, 
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exchange fluxl7 and Ha emissionl8 have shown that there are substantiai 
toroidal and peloidal 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 perforined.l9-ZZ However, .the data are insuffic-ient to assess the 
role of increased charge exchange wall sputtering on the observed increases 
in impurity radiation. 

It is important to emphasize that microscopic examination of samples exposed 
at the' wall of PLT5, TFR23 and DITE4 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 ~ill always compete with deposition from localized sources (i.e., 
limiters, beam dumps, etc.) •. 

III. NEUTRAL BEAM EF}'ECTS -·- -

·' 
Apart from increased charge exchange wall sputtering during neutral beam 
heating, th~_re are additional sputtering effects related to neutral beam 
injection: 

(1) Soine 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 the incident energy distribution. For present generation neutral 
beam sources (4D-50 keV), the effect can result in substantial ~puttering and 
blistering of the affected surface. · 

(2) Some fraction of the injected neutral beam will not be confined after 
ionization and· will leave tJle plasma volume on "bad orbits." The fraction 
of injection particles on bad orbits is typically 1D-20%·and depends on the 
plasma current, density and injection geometry. Most bad orbit particles 
will probably be fntercepted 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 bea.I!l ion source and acceleration grids. Recent 
measurements of the purity of the ORNL/PLT neutral beam sourcesZ4 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"hard~are in the beam-line may be necessary to minimize ion source 
:impurities. 

5-3 



REFERENCES ., 

I 
1. 

. 2. 

3. 

4. 

5. 

6~ 

7. 

8. 

9. 

10. 

11. 

12. 

,. 
The Fusion Reactor Material Program Plan, Sec. III Report DOE/ET~0032/3 
(1978). 

G. M. McCracken and .P. E. Scott, "Review of Plasma-Wall Interactions in . 
Tokamaks," Culham Rep. No. CLM-573 (1979). 

G. M. McCracken, S. A. Cohen, H. F. Dylla, C. W. Magee, S. T. Pi:craux, 
S. M. Rossriagel, W. R.. Wampler; pap~i presented at the 9th European Conf. 
on Controlled Fusion; Oxford, U.K. Sept. 17-21, 1979. 

·E. Hinnov, "Radiation "in PLT Discharges,~· in Princeton Plasma Physics 
Laboratory·Rep: Status of Ohmic Heating in PLT, Vol. JI, Sept:. 1978. 

S. A. Cohen, H. F. Dylla, S. M. Rossnagel, S. T. Picraux, J. A. Borders, 
a.nd C. W. Magee, J. Nucl. Mat. 1.!!... & J.l., (1978) 459. 

H. F. Dylla; "Experience with Arcing in PLT and PDX," in report of the 
DOE/ORNL Workshop on Arcing Phenomena in Fusion Devices, Knoxville, TN, 
April 1979. 

G. Staudenmaier, P. Staib, G. Venus, and TFR Group, J. Nucl. Mat~ 76 & . 
J.]_ (1978) 445. 

K. Ohasa, et -al., J. Nucl. Mat. 76 & 77 (1978) 489. 

S. A. Cohen and H. F. Dylla, J. Nucl. Mat. ~ & 1Z (1978) 425. 

L. Oren, R. J. Taylor and F. Schwirzke, J. Nucl. Mat. ~ & I.l. (1978) 412. 

D. H. J. Goodall and G. M. McCracken, Culham Laboratory Rep. No. CLM­
Rl67 (1977). 

P. Staib,· private communication. 

13. K. Ohasa, et al., Tokai Research Establishment Rep. No. JAERI~M 7935 (1978). 

14. D. F. Duchs, D. E. Post and P. H. Rutherford, Nucl. Fusion Q (1977) · 565. 

15. See contributions by C. Barnett and D. Voss in Proceedings of the DOE 
Workshop on New Diagnostics for Tokam~k Impurity Measurements, Germanto~, 
MD, May 1979·. . 

.16. s. A. Cohen and G. M. McCracken, Princeton Plasma Physics Laboratory, 
Rep. No_; PPPL-1529 (1979), J. Nucl. Mat. (to be published). 

17. R. J. Goldston, private communication. 

18. · s. Suckewer,· private commutlication. 

19. S. A. Cohen, J. Nucl. Mat. 63 (1976) 65. 

5-4 



20. J. F. Lyon, et al., Proc. 8~h European Conf~ on Controlled Fusion and 
Plasme Physics, Prague.l977 Vol. 1, p. 23. 

21. Equipe TFR, Nucl. Fusion (suppl. 1977).Vol. 1, p. 69.· 

22. E. Hinnov, et al., in Status of Neutral Beam Heating in PLT, Princeton 
Plasma Physics Laboratory Rep. Vol. 1 May 1978. 

23. R. B~hrisch, et al., J. Nuc1. Mat.~ & II (1978) 457. 

24. H. F. Dyl1a, et al., Bull. Am. Phys. Soc. 23 (1978) 913. Also see 
L. R. Grisham, et al., Princeton. Plasma Physics Laboratory Rep. No. 
1484 (1978). 

. 5-5 



TABLE I 

PRELIMINARY RESULTS: NEUTRAL BEN-\ IMPURITIES 

1 Shot on N.B. Test Stand SO Shots on N.B. Test Stand 52 Shots in PLT 
0 . . . 

(40A, 30 .keV H
0 lOO.ms) (-1 MW 0° (40A., 30 keV H for ·100 ms) for Injection for 200 ms) ' 

.. 

~ Cu w (Ta) Al Fe Cu w (Tal Al Fe Cu w (Tal Ti - -Impurity: · 
.:oncentr~tioJa 2.9 3.2 .13 15. 0.9 0.2 ~.OS s. <1 4.0 <0.05 1.0 
tlo 11•an- ) 

-

Impurity 
Fraction in 1.2 1.3 0.05 - -- --
Bealli(b) (\) 

-
Total Imcyrity 
in Beam( 2.1 2.3 0.09 - -- . <1. 2 4.8 <.06 -
uo17l I 

; 

Impur~ty 

Fraction in 0.26 0.29 0.01 - -- <.15 0.6 <.008 -. PLT(b) at -
n• 2•1013/cc 

. 

(\) ) 

(a) 
4 . . : 

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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Fig. 1~ Schematic of probe: (a) in the plasma boundary, plan 
view and (b) details.of probe. 
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SURFACE EROSION DUE TO SPUTTERING 

Joseph L; Cecchi 
Prin,ceton Plasma Physics Laboratory . 

SUMMARY 

Table I summarizes the estimated rates of erosion due to sputtering 
in various c-lasses of tokamak fusion devices. The only situation 'in which 
macroscop,ic erosion will occur is in reactor-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 f~rst wall could cause ero'si_on 
at a rate as hig:h as 5 mm/yr. In reactor devices smaller rates of erosion, 
which could be important for coated components, w_ill 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 11m/yr 
of erosion, while neutral beam sputtering of the prQtect.ive plates will . 
result. in· a.- 2 Jlm/yr. rate. For present devices erosion due to sputtering 
is neglig_ible. 

TABLE I 

ESTIMATED EROSION RATES 

FIRST WALL .. · 

PRESE·NT NEGLIGIBLE. 

NEAR TERM NEGLIGIBLE 

REACTOR < 5 rDm./yr. 

t 1-i·o% of first wall area 

tt_lO% of first wall area 

6.-1 

LIMITER/ 
DIVERTORt 

NEGLIGIBLE 

20 11m/yr. 

> 1 em/yr. 

PROTECTIVE 
PLATEtt 

NEGLIGIBLE 

2 Jlm/yr. 

.2 mm/yr. 



·, 

I. Introduction 
r· 

In addition to sputtering -being an.important ~echanism for 
in traducing im{mrit.ies 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 recessio; 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-SO~m) coating as is anticipated ln. some 
present and near term devices. Selective erosion of one of the 
constit~ents of an alloy can change the surface. composition in some 
materials, possible affecting plasma contamination. Changes in 
surface morphology due to sputter-induced erosion, such as a rough­
ening of the surface could, le~d to changes in the recyclingrcharacter­
istics of the p.lasma working gas. Surface modifications can also 
change ·thE! emissivity of a material and thus affect its thermal 
evolution. F:i,nally, l.ocal spettering will result in the eroded 
ma.terial redepositing on other surfaces in the plasma vacuum vessel. 
In addition to the changes in these surfaces, the freshly deposited 
material will trap H-isotopes, possibly causing increased tritium 
retention. 

The need for data and calculations to determine the importance 
of sputter-induced erosion usually coincides with the needs for esti­
mating pl,asma 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 wc;.ll or liner) where charge exchange 
neutrals are predominantly respor.sible for sputter.ing; (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 to 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 d·ifficult to anticipate.· Where .experi­
mental evidence· exists on the . .occurrence of some of thes·e other pro-
cesses (e.g. redeposition) it is included.' · 
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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~ EaGh of these will be 
considered. 

A. Neutron Sputtering 

Because the ne'utron 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 2000· 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 Ions 

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 -1014cm-2sec-l. If we 
assume a large duty factor characteristic of a reactor, the H-isotope 
sputtering of Fe (using a sputtering yield ~f -lo-3 [NIS 79] would 
result in an erosion rate of only -0.4 ~m/yr. It is unlikely that 
this w~:JUld be an important ·erosion mechanism even' under reactor-like 
conditions. 

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 impu~ity 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 

17 -2 -1 
The total charge exchange flux for NUMAK [UW] is 1. 7 x 10 em sec 

with ~~ effective temperature of -200 eV. Taking the sputtering yield to 
be 10 (typical .for 200 eV D+ bombarding 304SS [NIS]), the erosion rate 
would be -5 mm/yr. The large charge exchange flux in NUMAK is peculiar 
~o that device, howev~r, and almost certainly represents an upper limit. 
In UWMAK II, for example, the charge exchange flux is -7 ·x lol4cm- 2sec-l 
with an effective temperature of -8 keV. Taking the sputtering yield to 
be -2 x lo-2 we get an erosion rate of only 40 ~m/yr. 

Near term devices such as TFTR will have a charge exchange flux of 
~3 x 1015cm-2sec-l, a most probable energy of -300 eV [COH 76], and a 
low duty facto~. For a typical Fe sputtering yield of 0.02, the erosion 
rate would be an inconsequential 0.3 ~m/yr. 
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Ill. Erosion of the Limiter or Divertor Plate 

The limiter or di.ve'rtor plate in present, near term, and reactor 
tokamak devices will be subjecte.d to R isotope ion fluxes of -lol9cm-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 (- 3.T ) through which the ions fall as they strike the 
limiter/divertoreplate. In PLT the energy of n+ions striking the 
limiter has been measured [COR 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 strongl~ 
~ith increasing distance beyond_the limiter, with the erosion 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 [SCR 78] show a 
correlation b·etween locz..l concentrations of redeposited limiter 
mate~ial and trapped deuteriu~, showing the important connection 
between limiter erosion and enhanced tritium r.etention. 

In PLT, Cohen et al. [COR 78] co·ncluded that oxygen ion sputter­
ing of the W limite.rs W?S an important mechanism responsible for the 
observe·d redeposition of W on a surface probe near the wall. 

Results from DIVA [ORA 78] show cone formation due to ion 
sputtering qn a gold guard limiter exposed to 104 discharges. Ion 
sputtering is identified.as th~ 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 [GOH 79] and Hacrotor [ORE 78]. 

Because of the considerable ion fluxes, especially the multiply 
charged impurities, the limiter ercsion. rate in near term devices 
such as TFTR could be -20 um/yr or more.· This would be a problem, 
if low Z and medium Z coatings (10-50 ~m) are used to improv~ 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 proclem since the erosion rates will be 
very large(> 1 em/yr.). The need for sputtering data in this 
ca~e coincides with the need fer 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 neutra~ beam heating, the vacuum v~ss~l 
wall must b~ protected from the unabsorbed fraction of the neut~a~ 
beam during normal operation, as well as the full neutrc:.l peam flux 
under v&rious fault conqitions. or when the plates are used in a 
calorim~tric ~ode,. The heat 16ads on the plates are particularly 
severe in the latter cases (J-14MW/~m2) ~nd erosion due to melting 
or sublimatiqn ~ay be importpnt, 

The candidate material~ for TFTR protectiv~ plat~s are listed 
in Table II. Ass1,1ming that 10% of the high ~nErgy component 9f the 
neutral qeam is not absorbed by th~ pl&sma, Das et g.l. [PAS 79] 
estimate from sputte~ing measurements that ATJ grap~ite prot~ctive 
plates in TFTR would erode at the fate of -2 ~m/104 di$charges (an 
estimc.ted Oil€ year running timE':). Since ATJ g:raphite probably 
r~presents a wo~st ca?e ~rom an erosion point q~ view t~is would 
not seem to be a problem for near'""term d~v:ices, . 

For a reactor· which may have !.02 greater quty facto~ than TFTR, 
the erosion rpte wo~ld be -. 2 rrrrn/yr,, ass1JI!ling the samE": beam energies 
amt fl~xes, This clearly represen.~s an important erosion mechanism 
and sputtering yields for the candidate rna te.rials sh.ould be determined 
fqr the ielevant neutral beam energies, 

Vacuum Vessel 

Wall 

SS ( :304LN:) 

Incone:I. 62.~ 

TABLE II 

CANDIPATE MATERIALS fQR TFTR 

Bulk 

Graphite (ATJS) 

Nb 

Mo 

Limiters/P~otective Plates 

Goating~ 

... }Own 

1':i,B2 

TiC 

B4C 

6-5 

GJ.addings 
.,.Q.5JlU!l 

v 

'l':i, 

Ni 



[BAU·79] 

[BEH 77] 

[COR 76] 

[COH 78] 

[COH 79] 

(CON 78] · 

[DAS 79] 

[DOE] 

[GOM 79] 

[ORA 78] 

[ORE 78] 

[NIS 79] 

[SCH 78] 

[STA 78] 

REFERENCES 

w. Bauer, K.L. Wilson, C.L. Bisson,·L.G. Haggmark, and 
R.J. Goldston, Nucl. Fusion 19 (1979) 93. 

R~ Behrisch, O.K. Harling, M.T. Thomas, R.L. Brodzinski, 
L.H. Jenkins,· G.J. Smith, S.F. Wendelken, M.J, Saltmarsh, 
M. Kaminsky, S.K. Das, C.M. Logan, R. Meisenhevmer, J.E. 
Robinson, M. Shimotnmai, and D.A. Thompson, J. Appl. Phys . 

. 48, -'3914. (1977). 

S.A. Cohen, J.' Vac. ~Sci. Tech. 13 (1976) 449 

S.A. Cohen,H.F. Dylla, S.M. Rossnagel, S.T. Picraux, 
J.A. Borders, and C.W. Magee, J. Jucl. MaL .76 & 77 
(1978) 459. 

S.A. Cohen, 'privat,e collUllunications. Also see W. Wamp1er,­
et al. Princeton Plasnia Physics Lab. Report PPPL 1537 
(1979) Presented at Miami Conference ,Jan 1979. 

R.W. Conn, J. Nucl. Mat. .!.i.. & ?.}_ (1978') 103. 

S.K. Das, M. Kaminsky,' R. Tishler, and J. Cecchi, Fusion 
Reactor Materials Conf., Miami, Fla. 29-31 Jan 1979. 

The Fusion Reac.tor Material Program Plan, Sec. III, Report 
DOE/ET-0032/3 (1978). 

Y. Gomay, N~ Fuyisawa, and M. Maeno, Fusion Reactor 
Material Con£., Miami, Fla. 29-31 Jan 1979. 

K. Ohasa, S. Sengoku, H. Maeda, H. Ohtsuka, S. Yamamoto, 
S. Kasai, M .. Nagami, K. Qdajima, H. Kimura~ andY. Shimomura, 
Tokai Research Establishment report JAE;RI-M 7935 (1978). 

L. Oren, R.J. Taylor, -and F. Schwirzke, J. Nucl. Mat. 76 & 
77 (1978) 412. 

M. Nishi, M. Yamada, S. Suckewer, and E. Rosengaus, PPPL 1521 
1979. 

B.M.U. Scr.erzer, R. Behrisch, R.S. Blew'er, H. Schmid!, 
ar-.d TFR group, lOth Symposium on Fusi.on Technology, 
Pad ova, Italy, Au.gtist 1978. 

G. Staudenm.:.ier, P. Staib, G. Venus, and TFR Group, 
J. Nucl. M.:lt. 76 & 77 (1978) 445. 



LIGHT ION SPUTTERING YIELDS 

J. B. Roberto 
Solid State Division 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

SUMMARY 

The present 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 characteristic 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 
ahd temperature effects. , 

For low-energy sputtering, extensive 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 st~1ied less extensively, but can be 
described adequately by a (cos 8) 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 do~inated by chemical proc~sses. 

For ·high-energy sputtering, there have been very few experimental 
measurements for light ions • The existing yield data are descr.ibed 
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 energy light ions although 
significant deviation from the magnitude of angular effects observed at 
lower energies is not expected. 

Ifi 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 
determined by collisional effects. ·For higher energy light ions (E >10 keV), 
existtng theories 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 be modeled adequately using transport theories. 
Temperature effects are unimportant in collisional sputtering by light 
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 errergy region. 
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1. Introduction 

The physical sputtering of solid surfaces by light ions has peen 
st'udied for a:;trophys:i,cal considerations and more recently for its 
possible role in wall erosion and impurity introduction in fusion 

1 2 devices. Much of the early literature ha.s been rev~ewed in two monographs •. ' 
More recent results

4
can be found in review articles and in.an annually 

updated tabulation. The most extensive data for low-energy Sight 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 temperature. 

2. Low-Energy Sputtering 

The low-energy or n·ear threshold region includes incident light io~ 
energ{es 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 segtion.· 
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. tow-energy light-ion sputter~ng yields 
have been investigated systemat.ically 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

4
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 referencei 4 and 5. 

The low-energy sputtering yields for a large variety of ion-target 
combinations show similarities if the energy dependence is characteriz~d 
by a parameter

7 
E/E h where E is the ion energy and E h is the threshold 

for sputtering as d~termined from the -surface ·binding t energy.· This is 
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 ~iven ion-target combination can be described by the 

. empirical relationship , 7 . 

y = 6.4 X 10-3 M2 Y513 E'v4 (1- l/E') 712 (1) 

2 where M
2 

is the target atomic mass number, Y= 4 M1 M
2

/(M
1 

+ M
2

) 1s the 
maximum elastic transferred energy and E' = E/Eth" The solid curves in 
Figs. la-e are given by Eq. 1 and represent an excellent fit to the experi­
mental ~ata. Eq. 1 is accurate to within a factor of -2 for no~mal inci­
dence light ion sputtering yields for most targets for energies up to 
20 Eth. 
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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 
M

1
/M

2 
.~0.4, the threshold energy for sputtering can be written5• 7 

·= (2) 

where Es is the surface binding energy. Threshold energies for a variety 
of ion-target combinations are given in Table 2. For E h not listed in 

8 the table, an estimate based on Eq. 2 taking Es as the ~ublimation 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 5 for 1-8 keV H, D and He sputter­
ing of Ni are shown in F~g. 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 than normal incidence yields.· The increase is somewhat faster 
than the (cos 6)-l dependence of the.energy deposited in the near surface 
tegiqn. 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 1ons. This result 
has been observed in computer calculations 9 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 efflcts have been modeled using a sputtering code based 
on a transport model 0 which removes the app~oximations 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-

ll 'f . f A . . d . . 5 Th 1 ment ' or H sputter1ng o u are summar1ze 1n F1g. ·• ese resu ts 
indicate a gonstant sputtering yield for 0.5 and 1.0 keV H on Au at doses 
betwel~ 10

1 
and lo19 /cm2• On the other hand, laser fluorescence measure­

ments for H sputtering of Fe show a significant suppression of the Fe 
yield for doses below 1o17 1cm

2
• 

Non-linear effects in sputtering due to flux and dose are related 
prim*rily to target lo,ding by the incident ions and to surface effects 

·such as o*ide layers and surface topography changes. Target loading 
e:fects.havr3been studied for a hypothetical Fe-H system by computer 
s1mulat1on. 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 concentrations. 
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Oxide layers have also been shown to reduce bulk yields and may·account 
for the low ir,·itial Fe 'yield r;eported above. The surface condition can 
influence not only total yields but also the charge state of the sputtered 
particles· which affects thei.r behavior in the tokamak. A proper evaluation 
of flux and dose effec·ts in tokamaks is closely related to the condition 
of the surface region and is therefore best studied in sit~. 

Temperature Effects. For heavy ions, increases in sputtering yields of 
several orders of magnitude have been observed at high temperatures. 14 

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 densi~y 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. ior carbon, 15 inc-reased yields of up to a 
factor of -10 have been reported 4 at higher tempe~atures and are related 

16 to the formation of CH
4 

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 sic 17 shows a slight increase ( -30%) at 600°C as compared with the room 
temperature value. 

Overall, temperature effects are not considered impor~ant 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 significant yield incieases 
at higher temperatures, particularly in graphite. 

3. High-Energy Sputtering 

The high-energy ·region includes light ion energies greater than the 
maximum in the nuclear 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 canbe 
described approximately by analytical 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 dat·a are summarized in Table IV and include no results for 
stainlzss steel or for Mey He sputtering. ,The most extensive results are 
for Cu where H, D and He normal incidence yields have been mea·sured · 
over a considerable energy range. These results fre tabulated in Table 
V and compared with predictions of the Sigmund 8 • 9 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 ~f B, Ag, 
an~ 9Au.

19 • 2~ 1 On the other hand, tiydrogen~isotope sputtering yields for 
Nb and Mo are-S 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 1.n 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 ndt 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 a·pproach 
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 pos~ibly 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 Ta 2o5, it has been shown

22 
that the changes in surface stoichiometry 

due to sputtering are related to projectile mass and energy. This suggests 
that the preferential sputtering i~ a dynamical energy~transfer effect. 
For carbides, 7 the energy depende~ce 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 characteri?.ed by an 
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 
sputter.i.ng. These effects are described in detail elsewhere in these 
proceedings. Electronic excitation and thermal evaporation mechanisms are 
i.mportant in alkali halide systems where char~e transfer processes and low 
vapor pressures can .lead to increased yields. 3 There is evidence that 

· electronic excitation processes als6 contribute to the very high sputtering 
yields of water ice 24 and conden~ed gases. 25 For insulators and ceramics, 
the possible role of electronic effects has not been established although 
resulti from light-{on sputteri~g of Al

2
o

3
, BeO and B suggest that collis-

ional sputtering is the dominant mechanism in these materials • 
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Tables 

Table I. H.aterials for which energy-dependent normal incidence sputtering· 
yields are available for low-energy H, D and He; Materials 1n 
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 

Al
2
o

3
, B

4
c,· BeO, Ni-alloys, SAP, SiC, Sio

2
, stainless steels, 

TaC, Ta
2
o

5
, TiC, WC, ZrC 

Table II. Threshold energies for light-ion sputtering. (ref. 5). 

Target 

Al 
Au 
Be 
c 
Fe 
Mo 
Ni 
Si 
Ta 
Ti 
v 
w 
Zr 

II 

53 
184 

27.5 
9.9 

64 
164 

47 
24.5 

460 
43.5 
76 

400 

Eth(eV) 
4Be D 

34 20.5 
94 l1l1 

24 33 
11 16 
40 35 
86 39 
32.5 20 
17.5 14 

235 100 
22 
27 

175 100 
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, 
Nb 
Au 
TaC, W 

(H, D, He) 
(D, He) 
(H,D) 
(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), (C), (Ti), Cu, Nb, Ag, (Ta), (Au), U 

Table v. Comparison of high-energy normal incidence sputtering yields 
for H, D and He on Cu with theoretical predictions based on 
Sigmund theory (a = 1/2) 

Energy 
(keV) 

10 
20 
30 
50 

100 

H 

.016/.017 

.009/.012 

.006/.009 

.004/.006 

.002/.004 

Yields (Experiment/Theory) 
D He 

.062/.035 

.040/.024 

.030/.018 

.019/.013 

.008/.001 

7-8 . 

.23/.26 

.18/.27 

.15/.26 



Figure Captions 

Fig. 1. N,ormal incidence low-energy sputtering yi~lds for H, D, and 
4

He 
ions on (a) B

4
C, (b) C, (c) Ti, (d) 316 and 304 stainless 

steel, and (e) Mo. Tite solid curves are calculated f~om Eq. 1 
using Eth from Table II. (ref. 5). 

Fig. 2. Universal behavior of the normalized sputtering yield ~n the 
threshold region (ref. 7). 

Fig. 3. Variation of the sputtering yield with angle of incidence for 
low-energy light ion sputtering of Ni (ref •. 5). 

Fig. 4.· Sputtering yield dependence on'angle of incideQce for 4 keV H 
on Ni (ref. 10). 

Fig. 5. Total sputtered material vs ~on dose for 0.5 and 1.0 keV H on 
Au (ref. 11). 

Fig. 6. Energy dependenc~ of the normal incidence sputtering yield 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 PLASHJ\ HfPURITY IONS (Z > 2} 

Joe N. Smith, Jr. 
General Atomic Company 

SUHMARY 

Very little information exists on the sputtering of prospective first 

wall/limiter/divertor material~ by h~avy impurity ions such as Cr+, Ni+, Fe+; 

+ T"+ + + + C+ 0+ N+. Cu , 1 , Mo , W , Ta , , , , etc. While estimates to within a factor 

of 2 to 4 can be made from rare gas data or extant theory in many cases, 

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

a. energy from about 1 to 5 keV, 

b. dos~ rate, at least to high enoqgh dose rates to .~stablish the 

threshold for non-linear effects, if any, 

c. target temperature up to temperatures beyond which mechanical 

properties degrade, 

d. incident angie, 

e. surface morphology and contamination. 
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DISCUSSION 

Most of the high Z sputtering data currently available is summarized 

in Figures 1-3. These data are for normal ion incidence on room temp~ra­

ture ttargets and, for the most p~rt, with no i~dication of possible dose 

rate effects. From the lbuited data already available, it is clear that, 

since high Z sputter yields can be > 1, impurity sp-uttering may be signifi­

cant even at low plasma impurity level's. Limited data for Cu+ + Cu indi­

cates that the incident angle dependence agrees with cec B, at least out to 

8 = 50° with_ respect to the normal. Figure 4 shows the self ion sputter 
1 

yield for a number of elements as reported by klmen and Bruce. However, 

A!).dersen and Bay
2 have'subsequ~ntly suggested thrJt much of the indicated 

variation niay result from dose rate effects which were not investigated in 

the original work. 

Although experimental data on sputtering by impurity ions is very 
. I 

limited, a large number of studies have been performed using rare gas 

ions. 
3 

To within a fa.ctor of 2 to 4, the extant impurity ion data agrees 

with the rare gas ion data above about 1 keV. Thus, at 10 keV, the yield 

for Cu+ (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 ~eavy ions 

than for light (Z :::=.: 2) ions. Therefore, first approximations to impurity 

ion .. sputtering may be made by inference but must be verified by direct. 

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

desired~ 

The possi?ility of significant changes_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 of plasma ion sputtering. 

Both possibilities result from the larger energy density in a collision 

c·ascade for heavy ions, leading to non-linear effects as th~ 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 work
2 

and must also be investigated for specific 

im~urity ions in sufficient detail to establish a threshold dos~ rate for 
. . 18 -1 

non-linear behavior, at least up to rates on the order of 10 ions sec 

cm2 which may occur on divertor plates. Similarly, temperature effe6ts 

should be investigated tip to anticipated operating temperatures, which, in 

gener,al,. 'vould not exceed about 60% of the melting temperature due to 

structural considerations. 

There are several aspects of tokamak operat,ion which dictate that the 

energy range for which impurity ion sputtering data is required is different 

from that for plasma ions (Z 52). Due to the presence of multiple charie 

states for the'impurity ions, the energy of such ions dropping through the 

sheath potential will be several times that of the singly charged pl~sma 

ions. Further, 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

formed from materials and gaseous qmtaminants frequently found. in tokamak 

plasma chambers. Primary interest i.s to be attached to those ions an.s1ng 

from the stainless steels (Fe+, Ni+, .Cr+), ions formed from adsorbates or 

gaseous· contaminants (e.g., C+, 0+, N+) and those arising from limiter/ 

divertor regions (~.g., W+, Ta+, Ti+). Surfaces for which impurity ion 

yields must be determined include the stainless steels (including, e .• g., 

Inconel and Nicofer), refractories (e.g., W.and Ta) and getter materials 

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

Ion Surface 
+ Ni+ Cr+ Stainless steel (may be Fe , , 

c+ approximated by elemental Fe, 
·+ 0 Ni or Cr) 

N+ w 
t-1+ , Ta+ Ta 

Ti+ Ti 
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f. Sputtered particles \vhich enter the edge plasma ~egion may, through 

collisional processes, become ionized"and returned to the wall with insuf­

ficient energy to give rise to significant sputtering 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 addi'tion, may produce a tran·sient 

deposit whith displays considerably different sputtering behavior than the 

bulk material. This latter effect would· result from surface migration, for 
-13 . . 

times long compared to a -surface vibrational period ('V .1 0 sec); the lmver 

attendant surface binding en~rgy could give rise to increase.d sputtering. 

Thus, although not directly related to impurity ion sputtering, st{cking 

coefficients of metal atoms on metal surfaces in the range from 'V 2 to 

'V 100 eV in. the presence ·of simultaneous ion bo~h~rdment are of interest 

and not readily obtainable from the literature on ion plating or elsewhere. 
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ENERGY AND MASS DISTRIBUTIONS OF SPUTI'ERED PARTICLES 

A.R. KRAUSS and R.B. WRIGHT 

Chemistry Division, Argonne llational Laboratory, Argonne, IL 60439 

INTRODUCTION 

This review is primarily concerned vith aspects of sputtering as they 
relate to plasma contamination of a magnetically confined fusion device. 
experim~ntal methods used to study secondary ions are quite distinct from 
those used to study sputtered n~utrals. The results are dissimilar and the 
significance.for plasma impurity levels is quite different. For this reason, 
the data has been: divined into four categories: 1. energy distributions of 
neutral sputtered particles, 2. energy distributions 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 1-4. 

Primary interest lies in lov 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 vill occur at first wa1l and 
limiter'surfaces, although presumably to a smaller extent than that associated with 
light ion sputtering. For experimental and historic reasons: almost all sputtering 
data have been obtained using Ar+, Kr+ or xe+ as the bombarding particle~ . For 
the most part, the resulting yields ana kinetic energy distributions of sput-
tered atomic species are described by t~e Sigmund-Thompson random collision 
cascade (RCC) model (135). To a large extent self-sputtering can therefore be 
sj~ulated by extrapolation from bombardment vith the appropriate inert gas 
ions. The data listed in the tables represe~t only a small sampling of the 
literature on bombardment by Ar+, Kr+ ·and Xe • Complete references, bovever, 
are to be found at the ~nd of this article and the unabridged tables vill be 
published separately (11). 

For:lov 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 lov mass projectiles. 
In the many instances for vhich the appropriate light ion data does not exist, 
it is necessary to extrapolate from data obtained with heavie·r inert gas ion 
bombardment. That Q.ata should be used only vi th extreme caution, although some 
qualitative cqnclusions concerning overall trends are possible. 

\ . 

' 
Three types of experiments are listed in tables 1-4. Beam refers to an 

eXperiment in vhich the sputtering is produced by a veil-defined ion beam of 
specified composition, kinetic energy and angle of incidence. Plasma refers . 
to .an experiment in vhich the target is one electrode of a plasma. discharge. 
This arrangement has dravbacks in that the kinetic energy of the bOmbarding 
particle is not vell-defined, the angle of incidence cannot be readily con­
trolled, and impurities evolved from the chamber valls are deposited on the 
sample. The major advantage of this scheme is that sputtered neutrals wi.ll 
:t>e excited or ioni,zed by the discharge and their detection simplified. The· 
~erm SIM refers to an "experiment" in· vhic h the sputtering events are · 
~fmulated 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 o:t the neu­
trals alone. For most clean metal surfaces, the ion yield is a smal.l. f'rac:tion 
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of the total, and the total and neutral yield~ 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. 

For compo~~ds, oxidized surfaces and alkali metals, tte 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 secondar,y ion 
data will.be most relevant if it provides information which may be extrapolated 
~o the neutral· sputtered particles. If the energy and.mass spectra are 
sufficiently different to prevent this extrap?lation, 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 thP. 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 Tsang and Yusuf (3)· indicate that the excited 
fraction of the sputtered atoms uoes not exceed 1%. The data does not readily 
provide information about the molecular. structure or" the sputter·ed particles. 
Average velocities of the metastable atoms have been obtained but until re­
cently no velocity distributions·have been measured by this ~ethod. Prel~­

inary velocity distribution results (4) indicate a low energy 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 sepnrate listing 
in each. One reference (5) is not readily available but should not be 
overlooked. The most exhaustive catalog of secondary ion energy distrib-

. utions available has been compiled by Rudat and l>forrison using 5.'5 keV o; beams in an ion microprobe. The materials studied are too numerous 
to list here, but the catalog is available from Cornell University 
as the Materials Science Rc8earch Center Report ~3056. 

1. NEUTRAL ENERGY DISTRIBUTIONS 

For 1 keV Ar+ andxe+ bombardment of copper, computer simulation (112) 
indicates that the shape of the total energy distribution is independent of 
the mas's, energy, and angle of incidence of the bombarding ion, in accord v.ith 
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·~~ the surface binding energy, and a high energy tail 
vhich falls off as E-2. However, ·the P.red.icted dependence on the above three · 
bombardment parameters has been tested only on a rather limited ran~e of 
materials and even fewer systematic studies have been performed for lov energy 
light ion bombardment where the RCC model is expected to be invalid. 

The neutral energy distributions of most elements have been measured by 
'Wehner et al. (130-132) and by Oechsner et al. (102,126,127) using plasma 

. post-ionization or excitation of the sputtered ato1:1s. Most of these measurements 

9-2 



have been done for a very limited combination of beam energies and projectile 
masses. For bombardment of copper, St'uart. and ~·Iehner (.131) found the kinetic 
energies of the sputtered neutrals to be roughly independent of the primarf 
energy but highly dependent on tt~ projectile mass (Fig. 1). However, this 
work was discontinued in 1970 and has not been resumed (7). Consequently 
there is not enough data to indic~te ',rhether the .beh:J.vior of Fig. l is a 
general phenomenon. Almost all of the data of Oechsner et~al. and Wehner 
et.al. was obtained with bombar~~nt by Ar+ and Xe+ at ~l keV and may not 
be applicable to light ion sputte::-ing. 

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 a+gon ion bombardment have 
been made by Thompson et al. (104,129,134-136). 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 energy distributions obtained by this tech­
nique are in accord with the-RCC ~odel 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 ~or gold (104). ·There have 
been no other papers to date on the effect of temperature on the kinetic 
energy distribution of sputtered ne 1.ltral atoms. 

The English group (129) ll.as also performed one of the fe'-r. studies on the 
effect of the angle of incidence (8i) and angle of emission (8e) on the kinetic 
energy distribution of the sputtered neutral atoms. They fo~~d that for 
e =:ei + ee 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 (l). 
·Experimentally, however, the effect was found to depend on the surface structure 
and.consequently on the sputtering history. In general, the recoil emission 
only became significant after prolonged bombardment had resulted in faceting· 
of the polycrystalline surface. 

~he maximum 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 signii~icant number of particles 
sputtered wit.h 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 atoms 
(105,106,116,117). Although the technique appears to have a great deal of 
promise as a general tool, only a feil projectile-target combinations have 
been examined so far. 
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Surface adsorption changes the surface binding e~ergy and in the collision 
cascade model, would therefore be expected to al;:;er 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 lL"'lo:m. 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 o~ the kinetic energies of neutral particles sputtered 
from alloys. 

The kinetic ene~gy of neutral particles sputtered fro~ co~pounds has been 
studied only in the context of metal halide targets (116-118 ,133) where it 
was found that the atomic· energy distributions ~ere independent of the compound 
(118)'. A systematic comparison with the corresponding alkaJ.i metal was not 
performed, but the energy distribution obtained e.g. for potassium ntoas 
sputtered from KI (118)·looks quite different from that obtained by other 
vrorkers (115) for polycrystalline potassium. The Iiletal gives rise to a well­
defined peak at rv l 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 tb.is difference ( lJ.8). 

Primary current density has been fou..'1d to have a large effect on the 
secondary ion energy distribution (242), but similar experi~ents. have not 
be~n performed for the sputtered neutrals. 

2. · SECONDARY ION Er;:ERGY DISTRIBUTIONS 

Partly because of the relative ease of detection, secondary ion emission 
·has been studied for a much greater range of par~~eters than has the· neutral 
emission. These parameters include sanple temperature (201,223), primary . 
energy (201,209.,212,219), anguiar dependence (20~,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 
(203,204,207,209,210,212,2+8-222,227,230,233-238), alloys (205,206,233), 
compounds (203,205,213,229,231), current density (242) and recoil emission 
(219,240). However, very few of these experiments 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-t.arget combinations ~..,hich 
have been studied in several laboratories, the results have often been in 
co'nflict. 

Assuming that secondary ions are ejected by the same mechanism as spu~tered 
neutrals, their energy distribution may be written 

+ + . 
N-(E) = R-(E) N(E) 1. 

where ·N(E) is the energy d.istribution· of all the sputter-ed particles a."'ld 
R±(E) is the probability that a sputtered particle \-rill escape as an ion. 
If R±(E) is a ~lowly 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 obtain information about sputtered neutrals. This has been reported 
by several authors to bE;! the case ( 209,211,229). Other authors have observed 
moderate differences between ion and neutral behavior (206 ;207,218-,219,220, 
221,223,225,226,233,239) and still others have noted extreme differences 
(203,204,214,215,218,219,227,228,235-238). Theory is no help in ,.,eeding out 
erroneous data 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 cumparison of the cu+ energy distributio~ obtained by 
sputtering with ~ 40 ~eV Ar+ under no~inally similar conditions at three 
different laboratories is sho•Nn 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 resclt of differences in surface cleanliness 
which has a pronounced effect on the ionization probability. To date however, 
very fev of these experiments have provided independent means of a11alyzing 
the sputtered surface (218-223,233,234). Additional difficulties may arise. 
from·uncorrected io?-optical effects and variations in instr~~ent 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 sputteredfpositive ion has exceptionally high energy, 
it would not penetrate the plasma sheath potential 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 ·cont~inated 
metal surfaces. There is essentially no data on the negative secondEk~ 
ion energy distributions for such surfac~s. 

3. NEUTRAL M.4.SS SPECTRL\. 

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 sig'nificant amounts of data aren't 
lost "in the crack" some of the results presented in tables 3 and 4 :may 
represent ~11 overlap. The data presented here is consequently not intended 

.to be as exhaustive as that of the previous two sections. 

Ion bo:nbardment of clean elemental metal targets will result in the ejection 
of metal clusters of var~ous sizes in addition to the more abundant atomic 
ejection. Cluster emission is of interest for fusio~ 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 vith here. 
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. ------.JY:::_,_ the atoms, within the. cl-..:.ster are ejecteC. a.:; the result of the i.mp3,ct 
c~·--a single ion, altho~gh there is still controversy as to ,..,..hether the cluster 
is actually formed before or after e2ission (312-318,321,328,330,331,401,402, 
1~0,3 ,414-416,424 ,l>29 ,433,435 ,!~38). Although there are unresolved auantitativ;; 
C.iscrepancies ~ it is to be qualit?.~ively expected· in eith~r case that for 
bo~h _ions and neutrals, the clusters will have :p~ogressively narrower energy­
~istributions and that. the peak i:1tensity '"'ill shift to lm .. ;er energies as 
the cluster size increases. ~iit!l n~ly a fe'"' ex~~::;Jtbns (328,424) the 
experimental results are in accord with this prediction. 

As in the preyious. sections, the data base is rather inco!:!!plete, making 
generalizations somewhat risky.. However, Gerhard. ( 315) has _:predicted> and 
the experimental results of Gerhcrd and Oechsner (316) show tl1at for one keV 
Ar+ bombardment of a number of metals, the cluster intensity decreases rapidly 
with increasing cluster size, the dimer yield not exceeding ~10% that of the 
~onomer, while the trimer/mono~er ratio is typically a few tenths of a percent. 
Th~se ratios increase with increasing argon ion energy. It should be noted~ 
ho~ever, that these results were obtained by ass~ing that the collisions with 
the plasma which produce post-ionizatio.n of the. sputtered particles do not 
also produce significant molecular fragmentation. If this assumption is 
incorrect~ molecular. emission will be more important than the results indicate. 

There are no data on sputtered 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 w-it~. neutral cluster emission, but also 
so:ne similarities '"'hich may provide guidance to the e:---pected behavior of' 
light ion-induced neutral cluster emission. The indication-is that large 
clusters are relatively less important for light ion sputtering. This point 
will be discussed more thoroughly in section 4. 

There are virtually no data co~cerning the ejection of neutral clusters 
.frc.::n alloys ( 306) . 

Both homonuclear ~~a heteronuclear clusters are ejected by sp~ttered 
cospounds, or frc~ surfaces with an -adsorbed overlayer. The mechanism is 
believed to be essentially the s~e as for the sputtering of clean elemental· 
metals, although differences ih sur-face and molecular binding energies q~a..--:t­

titatively affect the results. ·cluster formation associated, for example> with 
the sputtering of an oxide, a metal in the presence of oxygen gas, ana by 
sputtering with an oxygen beam are clearly related processes altho~gh the 
results are not identical. · 

Ther~ appears to be only one paper dealing systematically (307) 'With 
ne~tral molecular emission from bulk oxides. For the thirteen oxides studied> 
NO was· the dominant l!LOlecule. . The molecl:llar fraction.> dei"in~d. as: 

( r.io] 
n = [H]+[~·lO] 2-

,..-as fou..rtd to be related to the l:-1-0 bond energy, re~ching ~50% for se->lera.l 
re~ractory _metals. The ex_:perir.1ent '"'as performed i::1 a.>"l. argon ion discharge, 
producing bo~barding particles of ~~specified energy. The target temperattire 
-was also unspecified-. The metal-OX'Jgen-hydrogen system is a~ e>..-tre::n.ely 
fertile one for the introduction of chemical effects~ so e)~reme ca~tio::1 
should be used when extrapolating these results to prpton or deuteron bombardment. 
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There are several papers on the neutral mole-:::ule.::-. e3issi:J!1 :f~c::J. su.:-:faces 
~xposed to an oxygen environ."llent during sputteri:1g ( 311, 3l2-3lh),. a:vi many 
m.0re papers in vhich molectrl.ar emission occurs e.s · 2. ::-esu2.t of: suri'ace con­
t:::l!!ination. These surfaces h:we not bee:l cha::-acte:·::zed., a:;.C.. the results 
aYe not quantitatively reproducible. 

There is a substantial amOlL'1t ,of data availa"ole on t'he s_;mttering of' 
I!ietal halides by inert gas beans ( 321,328,329). Altt-,oug2 these materials 
are not of immediate interest 'to the fusion CO!TI!D.U:."lit'y, the e:-:peri.!:le:1ts appear 
to be among the most reliable and'the results il:ustrate s0~e o:f the possible 
phenomena. · 

4. SECONDA ... 'RY ION rJ!.I\SS SPECTRA 

~ne detection of second~~ ions provides the b2.sis o~ the surface­
analytical technique known as secondary ion mass s:pectrosocpy (STI-!S) _ Con­
sequently, the available data far exceeds the ~our ... t' ~-rhich can be ~e-asonably 
catalogued here, and the data in table 4 is far ~ro~ cc~?lete, nerely 
representing a sampling of the data •rhich may be rele-.:-am; to tne plasr::a-.,all 
problem. A'(> in the previous sections, t~1ere is ver:r little .:!.ig"at ion data. 
Quantitatively, the interpretation of the data is pl~gued with all the diffi­
culties discussed in section 2, and there is a furthe::- ele2e~t o~ a=bitr~iness 
introduced by the energy band pass characteristics o: the analyzer. 

In order to increase the sensitivity and obtain !:ore reproducible STI-1S 
data, ~t is co~on practice to either use an OA3gen be~ or to flood the 
sal:lple surface with a jet· of oxygen gas. This practice has led to a mober 
of experil:lents investigating the effect of surfac:e o:-:ide forr1at-ion on ti:.e 
atomic and molecular secondar.f ion yields (401-404,407 :>lrl0-413)423,424, 
1~27-430,1~31+,437). A few experiments have been per:fo::-ned indicating the de­
sirability of similar studies in a hydrogen envir6r~ent (8,9),. but. there is 
little data currently ~vai1able. 

Qualitatively, the inten::;ity of the ion clus~ers does no~ drop as rapidly 
1-rith cluster size .as that of the neutral clusters investigated: Hononuclear 
al'l.lm.inum ion clusters have been obser..red containing u:9 to 18 ato:ns (415) a..."ld 
carbon ~clusters have been re:eorted containing up to 17 a-to;:::;s (408). !'To-te 
hOI-rever, that all of the post-ionization metho_ds used experir:.entally result irt 
fragmentation of the n~utral clusters and distort the measured. multir:ler 
distributio:l. Stability of the· resulting electronic configura~ion also see~s 
to be a much more important criterion for ion cluster intensity tha.'"l. is the 
case for neutral clusters (426). Consequently, oscillations and even inversions 
in the size-intensity relatio!:l. are fairly common. T".r!e di.!:ler or trker ion. 
yield of a clean surface ~as been found to exceed the mono~er yield for Cu (405), 
AlCu alloy (408), C (408,419) and SiC (418). EA~eri=ents ~ave sho'~ that the 
be2l!l energy and particle mass influence the relative yield of :molecular io:1s 
''·3"' '38) b .L r -'-o ., ... ~c t--;;;,. h' -e b=--·' ',-..;-~-'-""~ 7o··· 0.;;,.:;;'7::>- -,o"-a~ ~'+ :::>,L.J. , uc. no SJSc.~l!l'-'-c..l. s L•~-~s av ~"'·· 'l:!-~-=-•"'--"~-'-· _,_ ~ -·--~-~-::1. ,_~._._. 

st:.::faces, the NO+ /I·l+ ratio has been reported to be > l for Ti, \.J', V, 1-Io., _N'o (402). 
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Ta (437) and. U (430), although t·his conclusion has been disputed for 
\<1 (423) and Ti (219). 

\'lith a few exceptions ( 328,424) the clusters haYe lmfer kinetic energies 
than the sputtered atoms. If lo~ energy_positive io~s are effectively 
returned to the surface by the magnetic field ~~a sheath potential, the ejection 
of at least the positive ion clusters is probably not a factor in. plasma 
contamination. For negative ions, the NOfi yield frequently exceeds the 
t1r yield, often peaking at n = 2 or 3. It should be noted hmfever, 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 Cfi cluster ejected from SiC decreases rather 
mar~edly at high n ( 1~18) • Hm.rever the C2 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. 

Sill'.IMARY 

To date, the kinetic energies of neutral ato~s sputtered by well-
defined beams of light ions ( Z ~ 2). have been s~udied for only two materials, 
Au and Fe (113,-114,106) with primary energies in the range 10-30 keV. 
For lmfer primary energies where the sputtering meche.n,ism is different 
(l) and the conditions of the Sigmund-Thompson RCC m'Jdel (135) are no. 
longer met, there is no data at all on the kinetic energies of the sputtered 
particles. For lmf energy light ions:, a well-deYelo!Jed random c:ollision 
cascade (RCC) does.not form. Instead, .sputtering is closely associated 
with backscatt·ering 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 data obtained 
by plasma discharge experiments (131) indicates that the. kinetic energies 
differ very substanti~ly from those corresponding to heavy ion bombardment 
(Fig. l). 

The same experiment indicates that for prima..ry energies < l keV, sub- . 
stantial departure from RCC behavior is observed even for Ne+ bombardment. 
Conseque'ntly it can not be taken for gra."1ted that the kinetic energies 
of particles sputtered by c+, N+, o+ bombardment in a :fusion device will 
be described by the Sigmund-Thompson model. It should be noted that 
prediction of. the kinetic energies-is a much more-stringent test of the 
model than predicti9n of the sputtering .yield. For higher primary energies 
and fo.r heavier projectiles associated with self-s:;:u-:.:.ering in a fusion 
device, both theory and ex'3>eriment indicate that the Sigmund~Thompson model 
should adequately describe the kinetic energy distribution .of the 
sputtered particles. 
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Athough the pertinent energy .and mass ·:rg.nges have not. been studied, 
it appec..:.."s possible that the neutral· cluste:r emission by lQif energy light 
ion spc.:ttering will not contribute substantially to, the impurity i:p.flux~ 
It should. be remembered hm·rever that this conclusion 'is based on the 
assumpt::.on that the experimental .tech."ligue of plasma post-ionization does 
not rest:lt in significant fragmentation. This question' is not entirely 
settled and there is perhaps some theoretical reason (10) for believing 
that fra~entation may in fact be significant. 

For the emission of secondary ions, the effects of th~ pBrti~ent · 
parameters have been studied more thorouglU.y although by no means comple.tely. 
There a:::-e 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 fu1ly established whether the. data pe~aining 
to seconda_~ ion emission are revel~!t, but the~e is · 
reason to believe that with the possibl.e exception of hig:3 energy recoil 
emission associated with neutral beam injection, the positive. secondary 

•ions do not have a role in plasma contamination. 

For non-metallic samples, oxides, or metals contaminated by oxygen or 
hydrocarbon adsorption, there is significant negative ion enission although 
quantitative yields eire not available. In many cases, molecular ejection 
is the dornina.11t negative ion sputtering mechanism.. Negai(ive secondary 
ion energy· distributions are almost totally une:;...-plored. Instead of be;i.ng 
blocked by the sheath potential, negative ions will be pulled inward 
toward the plasma. They will be subject .. to the difficulties 9f cross field 
transport however, and consequently may not contribute significantly to 
plasna contamination. 
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Table 1. Neutral (totalLEnergy Distributions 

:~ 
p 

TARGET SPECIES METHOD BEAM keV Emax(eV) (torr) e e. REFERENCE COMMENTS e ~ 

Ag Ago ,Ag2 plasma Ar+ 1 25 3000 ~ - - 3.02 ' 
I·AqBr AqO beam X e.,. 6 100 500 10- 0 60 133 
Au Au0 bea:n Ar ,Xe 25,50 4000l!l/S 200 lo-:. 35 65 103 Beam mass & enerqy dep_ 
Au Au0 beam · Ar+ ,xe-r 10-41 5xlO.:S 45 45 104 Temp. variation, 

thermal spike 
Au (111) Au0 sim Ne 1.5 508 vary 45 111 
Au AU0 beam H ,He ,ArT 30 100 1500 lQ-tl 0 70 113 
Au Au0 he am H+,He+,Ar+ 15,301 100 1500 10-tl 0 70 114 
Au I Au0 bea'Tl Ne+,Ar+,Kr+ 20-60 100 0 119 Average energy only 

I xe+ 
Au. i i\u0 beam Ar+ 20 10" vary 45 129 Recoil emission 
Be I Be0 . plasma Kr 1.2 40 2xlO'l - 0 0 132 
Be Be0 beam Ar 3 150 0.2 lQ-J.U 45 45 121 

I Bi Bi0 beam Kr+,xe-r 35 100 0 119 Average energy only 

I Cr 
Cr0 I plasma Kr 1.2 80 2xl0'> - 0 0 132 

Cu C.OO) Cu0 -Cu"<i sim Ar+ !0- 6 12 0 108 
I Cu(lOO)+O? Cu0,0° sim Ar.,. iO. 6 6 0 108 
· Cu I cuo beam Ar· 30 15 1500 10-b 0 70 1131 114 

'I Cu 
Cu0 sim Ar ,Xe 1 9 vary 112 · Indep of 8i z,,EP--

Cu CU0 beam Ar 1-3 20' 50 10_, 45 45' 124 .. 
! Cu CU0 beam Ar 2.5 20 so 1o-:. 45 45 125 I Cu (110) Cu0 plasma He ,Ne ,Ar 0.6 40 2xl0 - 0 0 131 

I Fe 

Kr+,xe+,Hg+ 
Fe0 beam Ar+ 2 lO"cm/s 540 lo-o 0 0 105 DSLS 

I Fe 
Fe 0 be~m D ,He ,Ar 10 lO'lcm/s 540 lQ-tl 0 0 106 DSLS 

K K0 ,KI?· beam Ar 11 I 3 i 10- 101 Thermal spike 
KBr Ko beam Ar 6 100 I 500 1o- 0 118 
Nn Mn° I plasma Kr 1.2 60 ; 2xl0" - 0 0 132 
Ho ~10° bea.-n Kr ,Xe 35 100 0 119 Ave.cage enerqy only 
Mo i10° plasma Kr 1.2 90 2xlO'l - 0 0 132 
Na Na0 beam I"+ 11 3 10- I 101 Thermal spike 
NaCl Na0 beam 'fie+,Ne+,Ar+ 20 10 50 lO-t 0 0 117 DSLS, thermal spike 

Kr+ ,xe+· 
Nal Na0 beam · He+,Ne+,Ar+ 10-30 _10 I 50 10- I 0 0 116 DSLS, thermal spike 

Kr+,xe+ 
Nb Nb0 beam Kr.,.,Xe 35 100 0 119 Average energy only 
Ni Ni0 beam Ar+ 2.5 20 50 l0-:1 45 45 125 
Ni(lOO)+O? Ni0 sim Ar· 0.6 7 0 138 
Pb Pb0 beam Kr ,Xe 35 100 0 119 Averaqe enerqy onlv 
Pd Pd0 plasma Kr.,. 1.2 90 - - 0 0 132 
Re Re0 plasma Kr 1.2 200 - - 0 0 132 
Ta Ta0 plasma Kr 1.2 200 - - 0 0 132 
Ti Ti0 bea:n Ar+ 2.5 20 50 10_, . 45 45 123 
Ti Ti0 plasma Ar 1 15 3000 - - - 127 
u uo beam Ar.,. 9 500 "-'100 139 
v vo plasma Kr.,. 1.2 80 - - 0 0 132 
w 'tl 0 plasma Kr 1.2 90 - - 0 0 132 ' zn· zno beam Kr-r,xe 35 100 Q. 119 Avera_g_e energy_ only 

I Zr 
Zr 0 plasma Kr+ 1.2 90 - - 0 0 132 

-



Table 2. lon Energy Distribution 

o.;r r I beam Ar 6. 2 20 1_00~-- 0 60 · 206 
t~~~~r:::::::::::::::t::;;.:r..,~·...,......,.=-:_·~J:;~o"'•cZa,m~-:_~t~-=..1,oS.,~'.:..~-:_-:.-:_~J:--_,5,_,:'-'s'-·--l-'·1;;'-'o~ot::~~f~21o0,_o0,__t--<I.;<o=-,.."-+-=i'-"n'7t---t--14:-;53!---+-~-~2~3-;.l·-_-_-+---·-··:~~::--_-_-_·-_· -------+ 

55304 cr+ CrO 1+ bedm II u,+ H1+ 5 12 l.O~ 6 233 
55304 Cr beam H 10 20 200 10-~ var var.v 234 Dist. shifts ~</iJ., 

~~ ~~ ~=: i~:+:~~+ '~~+ : ~ ;gg ~g ~g= ~g ~~ g~ Clean surface not RCC 
Cu Cu _,. beam Ar 10 160 10- 45 ~5 211 Looks like neutral dist. 
Cu cu+ beam 1\r 8 vurv va~_}.' 212 E varies w/::·0 &. El 
Cu Cu beam Ar+ 2.5 60 15 10~ 45 45 226 
Cu Cu ueam 02T 5.5 •100 100 10~ int 1--~7~3~·-t-~2~3~1~--+-----------------------~ 
Cu Cu ueam 'e¥ Ar Kr 4 3 r:2;;0;.;0;---~r--:6;.;0;---lf-'1 n- 6C 35 2 36 
Cn Cu beam Ar 38-47 200 60 iii- 60 35 238 Clean surface not RCC 
Cu Cu beam NeT 5 f-"8'-"0e-_-+5000 J.o-o 4S o 243 

~~F~e~------~4F~e·=-~~~..,Jbeam ·Hr l--!---.1 ~"~---r~~---rv~a~r~v--f-v~a~~~--r-~2~112~--~E~v~a~r~>es w/?~~~ 
Fe e Fe?+ Feat~ o::r---· 5.5 ·100 100 10:"_ int. 73 231 

55304 Fe FeQHt beam II liT· H' 'l 5 12 200 10-LU L_j__45 233 
Ma Mg beam Ar+ 8 va.ry_ I va'j.i~=t==~llr~==+============~ 

~-;M:::o:'------C~:!!lo~t.!r·;.to~o7-'<.:~r-to:::O~· ~earn 1 9..2.:..,./.I.L 2 !250 0.2 lo-w 55 65 2 8 
l--i:lM;;o?"'" ____ -t--i:iM~o..,..:.,:.:ll::o.:2 ___ 1-.b~c~-a!!_l-m~i.!!H~e:...•+,'C::A~r:...+ ___ +--::l~-:.:5:._-1ii------4-----+----+ va!:Y_ var• 2 32 La~e shift in dist w/8 

NaC Na beam He 2"2 9 

t--iN~b~---+~N~b~.,.~--tb~e~a~m~-t-~o~~-~~5~.~5-~1~00~--+~t~nn~n~~Ul~~~--~~~no~t 71 231 1-....;N;;b'--------1-.;N;.;b'.,..J"-N'-'b<.t.? ___ beam Ar+ 10 45' 10 lu- ···40 ... ---...1..;\-o--l--~~fl=--l----------------------1 
~-1N;b~-----+--:N~·b~+ ____ --~ Ar 10 50 6xl0~ lo-o ··40 0 242 Current density 

N> Ni _, · · beam Ar+ ~ 20 1000 0 60 206 
N1 Ni beam Ar+ _-j---r--"- · 

~--::N~-------+-::NC.1o!;. +~-'-----+'beam Ar 2. 5 60 15 J.O-> v~~ v~~ -4-!ii-----t-E .. ~aries w a.e. & EJ 
Ta Ta+ beam Ar.:':. _L_____!!___~ vary varv 212 E vanes w_T'!r; & EJ 
Ti Ti . beam A-i-1- -----~ 150 0.2 10-10· 55 65 220 

1 T1 beam Ar ---y:s-· 60 5 10- 4 5 4 5 22 4 
T1 1'> ,T10 -21beam o2· , 5.~- 100 100 lo-• int 73 231 
U U lueam 02. i.5 100 100 10-_1'_ int 73 231 

v 1E_eainc..-H2~--- s.sr 100 1oo ·rci-=<r--+~l=n~t-+-n--t--.~-Tl 
1----iv~-------+--iV:,...;-;:;-:...----!I~ Ne+,t.r+,Kr ~~200-~ -~-=~~r,ot=f:~t=+=~2q.f,t:=l=fcJl:!e~a~nQs~u~r~.=:!n~o~tQR~C~C~= w- 1-r .~r,· !~ hr+ 40 1000 100 ·To-""b"·· 45 4~ 215 
t::~w:::::::j:jwt~·~~~::::l beam EAr · ---,--j 260 o. 2 10-l_l'_ 5::. _o5 no 
1---i.lw'------+-.;,N;.,..,!I~ lbe_'!.m_ 924 ~-.LI_loo 100 1o-o i~t. _p 2H 
1-~w,_..--~-~-i W.l.::.~- lbcam_ Ar . 150 :looo:;---+...;2;-;;o:.;;o'---+f'J.~o~-bti--~4:::0::--ti--20;----t---i;~:...;};;;9'--+-------------

zr Zi+' lbeam · llr 43 ~~6~0~0;:---t...::.;.6;:.0--++l"o""-.;;..-+-~o--l·~-~3"'o~~t--204. 
zr Zr eam 0_2 5.5 100 100 J.o-a 1 nt ~ 

int • high v ltage extrac ion to rovide angl integr ted col cc"tion. 
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\0 
I 

...... 
N 

TARGET PRINCIPAL METHOD SPECH:S 
'Ag' Agl-2 plasina 
Ag Agl-3 plasma 
Ag(lOO) Ag,Ag~,AgO beam 
Ag (110) Ag,Ag2,AgO beam 
Al?O< Al AlO AbO beam 
Al203 Al~02_,Al02-3 beam 
Al~03 A1,AlO,JI.l20 beam 
Al203 A1,AlO,Al20 beam 
Al_20.1 Nany plasma 
Au AU1'- 3 plasma 
Bt.C CD4 beam 
c - CH4. - I 
c CH4 
c CH4 beam 
c Nany plasma 
C/Pt CH& beam 

-Cu 'Cu, Cu.2, CuCO _plasma 
Cu Cu,Cu2 sim 

Cu CU1-S sim 
Cu cu, < plasn1a 
CujlOOJllO. Cu, Cu2, CuO I beam 
Cu+O Many I sim 
Fe203 Fe,FeO nlasma 
K K,K? beam 
Mo ~o,_, plasma 
Nb ;1any plasma 
Nb?Oc; Nb,NbO plasma 
N~ Ni,Ni? olasma 
N~ N..~ "Plasma 
N~Cu l·ianv plasma 

Pd PC.,_< plasma 
. ?.~.£011 j Pr, PrO plasma 
l:'t l:'~.ol-3 plasma 
SiC CD4 .!?_~i!_m_ 

SiC Many beam 

Si02 Si,SiO 0 plasma 
SnO Sn,SnO plasma 
Ta Tal-3 plasma 
Ta?Os ?a,TaO plasna 
T~O~ T~,TiO plasma 

-w \'11-1 plasma 
Zr zr, .? ..J;>_lasna 

I 

I 
Table 3. Neutral (total) Mass Distribution 

BEAM keV uA/cm2 P(torr) ae a. REFERENCE COMMENTS 
~ 

ArT 1 3000 - - - 315 
Ar 0.1-1 3000 - - - 316 "-12% Ag2 

HT ,o.+, He+ l-4MeV 100-800 10 ·tl vary 45 320 "-13% Ag2 
H+,o ,He 1-4 MeV 100-800 lO-ts vary 45 320 
HT ,.il.rT 15 lo-::> 0 310 

Ar+ 50 lo-s 0 310 
ArT 15&50 10-:.:> 0 317 
HT 15 lo-::> 0 317 

HT,DT - - - - 322 
Ar+ 0.1 1 3000 - -- 316 12% AU2 -· 
DT 20 lOj 10 ·~ .. 0 303 Temp. depenaence 

.. H?-+ 6 302 
H3+ 2,3 6 302 
H+ o+ 20 10" 10 •':j 0 309 Temp. dependence 
H+,o+ - - 322 
H2· 5 130 10 ·o __ 327 
Ar'f · · .. 

0.6 - - 30'6' 

Ar+ 0.6 0 311 

Ar+ 0.6 0 312 
-· Ar+ 0.1-1 ··- 3000 - - 3.16 9.5% Cu2 

H+ Lo+ ,He+ J..-4 M~V ;J._Q_0=_8J)_Q .1~ ·o varv 45 320 "-13% CU? 
- 314--Ar"'F- 0.6 0 

- 307 ArT - - -.. 301 Ar+ 11 500 10-T 
3_1.? "'-~% Mo_2 ArT 0.1-1 3Q99 - -. - .. 

306 Ar+ - -- 307 '1.40% NbO 
Ar - - - -

316 -v4% Ni? 
ArT 0.1-1 3000 - -

324 
ArT 1 "-10" 306 
Ar - - - -

316 2.5% Pd? 
0.1-l 3000 - -ArT .. 

307 -vSO% PrO 
Ar - -

316 3.7% Pt~ Ar+ 0.1-1 3000 - - -
0 303 Temp. dependence 

-- DT 20 _lOJ 10 -~ 

He ,Ne ,Ar 0.6 50 "•45 "-45 319 
IKr+ Yo+ 

Ne+ Ar+ - - - - 304 

Ar - - - - 307 - 316 P,.9% Ta?· 
.At-+ 0.1-l 3000 - - - ---
~.r+ - - 307 >40% TaO 

Ar+ - - '- .JQ __ . !:)..40% TiO . .. -
A·r+ j. O.l-:1 

. . .. I ·3oo·o L- I - I - _I 316 3% wo 
1.--5% Ar+· I. . 0.1-1 I 3000 1- I - I - I . 31€ zro 

I 
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Table 4. 

kuV 

Ion Mass Distribution 

uJ\/cm2 P(tort· (l 

" 
RI·:I'ERENC COMMENTS 

Au ,\ul-' bc~:n llr · 10-12 v3ry lo-o "'40 0 4J6 dimcr;r.~onomcr vs 1. 
B.:H·Oo H .. m · bc.1:n o\r -~ 0.2 ~~~ ·+Z•:5_-+--i4i--f---i4"i2!+-·4-jf-------------; 

~~Bc~+~121 ~~-~H2a~n~,~-----t~b2c~a~n~•--1-~ll~r~----t- ~~ lr~-ri <:~-1--~•n'~-t----•f-~'•T--t---------------------1 
Be Ilc , B"D >cJm Uo llr E-"u . ~~;, •: _ • 

.. -~n~e~----;--~~----- ~- --~~~~r~·----t--r'u~----'t------i----
1--;C,..---+--'· c- _ 1 7 : oe.un__ Ar ".. ...,..,~-1--..,.--11--•rn'r+~ p•e::a;.:.:..,.K~l-::n.;:te;:-n;:-•~l'-:t:-!:y~a;-:t'----'c'-'-,'--; 

c c -l!L- """' Ar · +--*'u_·+-----t--i'*"---+-------l-ri--+---i-""r-jr---ri•ir-t c2- larqP.st pe~K ~-~C;---+--.:;!Cb.:l-:Jl.ll2'-:-::---lf-"bf.:.,e;;;'a;;m;;--t-jlj;'la:T:,"KNiee:+ O.b . >U 45 4> 4l Cte3n•!:5t,'•6~> c- In-
Kr+ xc+ -~~+-~=-~~-----~~-1-r.~;-~~~~=-~~~-----~ 

~~~r~r+~u'~--r--~·~·a~~~,~·~----l~c~a~o~·=-i-~'~c~rT~----+--7-o-------l--~~~l*On-~~;-~l~O--__ lu_~--~O---t---77~0-· __ ~--~4~0~1~~-·~a~b~s~o~l~u~t~e~"-~yJi~e~l~d~s~-----4 
1--iC;:'r::-------+--~C"iir~-':-'-::-~--+'b~e';'· "::'-"'"':· -i--'A';r'::'l'------t-·~6 _._2 _______ +- -'ilf.Oi':Oi':Oi-;--------t-r.;'Oi:--1-----'6i;'Oi;--t----47'0;,;6i;--t--rr:::-=-:r7"""-;::=------'-...._-f 
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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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samples are polycrystalline Au bombarded 
with 20 keV .Ar+ at 45°· to the surface normaL 
[After Reid, Farmery and Thompson (129)]. 
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ANGULAR DISTRIBUTION OF SPUTTERED PARTICLES 

M. Kaminsky 
Argonne National Laboratory, Argonne, Illinois 

SUMMARY 

Information about the angular di.stribution of particles sput­
tered from materials of interest for the fusion program under 
light ion bombardment (Zl ~ 2) for the energy range from 
~ 100 eV ~ E ~ 1 MeV is scarce. 

The corresponding information for medium-Z ion bombardment 
(e.g. p·lasma impurity ions, such as c+, w, o+, co+) for the 
energy range from ~ 100 eV 5 E ~ 120 eV is also scarce. 

There exists 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). 

The few data available on the angular distribution~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 Hg+ ions impinging on Ni, Fe, 
Pt and Mo surfaces at normal incidence, the angular distribution is 
cons·idered to be '"under-cosine" .(i.e. more particles are scattered in 
directions parallel to the surface.and fewer in the direction of the 
surface normal) for ion energies of "' 100 eV, and approach a "near­
cosine" distribution at 1 keV [Ref. 6] (see Fig. 1). Cooper and Comas 
[ 7"] reported "under-cosine" distributions. for 160-200 eV A+ ions bom­
barding silver surfaces, Patterson and Tomlin [8) for 10 keV A+ on 
gold surfaces, and Chiplonkar et al. [9) for 3-7 keV A+ 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 [11] for 
4 keV Ne+ on Ag, and by Kaminsky et al. [12] and Das et al. [13] for 40-, 
60-, and 120-keV n+ bombardment of Mo. (See Fig~ 2.). An "over-cosine" 
distribution has been reported by several authors {e.g. ReL 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]. In most of these experiments Hg+ ions [6), n+ ions 
[11], and noble gas.ions were used with energies ranging from"' 100 eV 
to several tem keV on targets such as nobl~ metals, Cu, Ta, and W, For 
example, some results obtained by Gunuin et al. [16] are shown in Fig. 3. 

In general, it has been observed that as the angle 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 A+ 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 theTa 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 incidence 
[see Refs. 16, 20, 21]. 
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FIG. l Polar diagram of the angular distribution of material 
sputtered from Ni, Pt, Fe, and Mo targets by Hg+ ions 
at normal incidence with energies of 150 eV (or 100 eV), · 
250 eV, 500 eV, 750 eV, and 1000 eV (Wehner et ·al E6]). 
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FIG. 3. Angular distributions of sputtered material for polycrystalline 
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FIG. 4. Angular distributions qf sputtered ~a~ticles for p61y­
crystalline Cu and Ta bombarded with 1 keV Ar+ under 
e =. 50° against the .target normal [19]. 

10-8 .. 



REACTIVE SPUTTERING AND CHEMICAL EROSION* 

R. R. :Rye 
Sandia Laboratories: Albuquerque, N. M. 87185 

Introauction 

In the following, concentration 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, c-onductivity, 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
ials one needs to consider, however, to materials c·ontaining ·atoms 
from the right hand side of the periodic table, since few metal hy­
drides are volatile. Trace impu,rities, where .known, have to be con­
sidered from the .standpoint of their potential ability to modify the 
surfac~ 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. 
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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, a, etc.) enhanced 
chemical erosion in integrated circuit manufacture and the lack of 
similar ·information for fusion type environments, it is clear that 
this is an area in which it is imperative to identify the magnitude of 
the problem. 

LITERATURE SUMMARY 

A. Chemical Erosion 

Figure 1 contains a summary prepared by Behrisch1 • 2 of the erosion yields 
reported by various authors for the chemical 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. In 
general, however, the data show a temperature maximum·, Tm, at '\J 500 C 
which results from a competition between the desorption of hydrogen and 
reaction with carbo'n. 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 Tm has been observed by 
Braganza et al. for n+ at energies up to 30 kev.3 At these energies the 
range of the particle is s~ch that the reaction is between surface car­
bon and implanted .D which diffuses to the surface with thermal energies. 
Consistent with this, the release of both Dz 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 reported values for the erosion yield refiected two 
related factors: the variability of graphite samples and the effect of 
damage.· It is well known. that the re·activity of graphite is strongly 
dependent on the type of carbon used,4 and that erosion is differential 
with respect to ori~ntation.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 ~ lo-2 were all obtained with 
energetic hydrogen ions and probably refle.ct the enhancement due to sur­
face damage. Vep.rek et al. 6 have shown experimentally that this is a 
major effect·. Fig. 2 from their paper shows the effect of irradiation 
with 2 MeV He+ on the subsequent reactivity in a low energy Hz discharge. 
They conclude fr.om this study that a reaction p.robability up to lo-2 can 

.be expected at 506 C regardless of the original quality of the graphite.6 
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The reaction of graphite with 0 is similar to that with H, but with 
quantitative differences in the reaction products and Tffi. Tm for 0 is 
"' 1500 C vs. "' 500 C for H. One should note that the reaction yields 
are comparable; the vertical scales in Fig. 1 differ by a factor of 
~02. Methane is the major product with H but, consistent with the 
diversity of stable hydrocarbons, a large array of minor products are 
also produced.7 In contrast the carbon-oxygen system has a much less 
extensive chemistry yielding only CO and C02.1,2 

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 o+ with B4C and SiC 
is specific to the carbon atom yielding CD4 with a Tm of "' 800 K.B 
Roth et al. also show a specific reaction with C of SiC but one which 
did not show any pronounced temperature dependence9. In contr~st to 
these, Veprek and Haque suggest that a protective layer of Si02 makes 
SiC' inert to chemical attack4. The results of Yamashina et al.10 given 
in Fig. 3 show that the presence of surface oxygen has. a profound 
eff:ect on the chemical erosion of SiC and is probably the source of the 
bas'ic differences that have been reported. For clean SiC, Fig. 3a, 
700 eV o+ reacts preferentially with the Si atoms producing a surface 
rich in carbon. As sugge.s ted by Veprek and Haque, surface oxygen forms 
Si02 but this is protective only of the Si. On this partially passivated 
surface, Fig. 3b, the reaction of 700 eV n+ 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 i.s clearly shown in Fig. 4 
from Mohri et al.ll In contrast to H+, "sputtering" pure physical 
sputtering with Ar+ removes both Si and C at equal rates,, and at 600 C 
the preferential reaction of H+ with Si is greatly reduced. 

In general, one can expect quite complex behavior with non-elemental 
materials. During Ar+ sputtering of TiC in the presence of oxygen, 
Sproul and Richmanl2 report a preferential removal of carbon, reaction 
with o2 and the formation of titanium axycarbide of the form TiCxO . . . y 

B. Reactive Sputtering and Radiation Enhanced Chemical Erosion 

Reactive sputterin~ is physical sputtering in the presence of a react{ve 
gas. This effect has been extensively studied by the electronics industry 
for integrated circuit manufacture, and the data primarily involves Ar+ 
sptittering in the presence of 02 and N2. The general results are illus­
trated in Fig. 5 from·cantagrel and Marchall3 where the Ar+ milling rate 
is plotted vs. the oxygen pressure for Al, Cr, Mn, V, Si and Si02. 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 02 to the sputter 
rate.. The break between the two extremes occurs at poisoning ratios 
between 0.1 and 10. If no stable oxide exists (i.e. Agl4) the effect is 
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small, and for those cases where the effect is larg~ 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 descrtption of the pressure dependence. This model with 
slight modifications has been applied to a number of systems, including 
Mol4,18, Til4,18, Fel6, c0 16, zrl7, Tal8, and 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 inv~stigated are of specific interest to 
that particular industry. With the exception of the work. of Veprek et al. 
on carbon6, essentially no work has been done on systems of interest to 
the fusion program. The effects, however, can be :i-llustrated with the 
well~characterized work of Coburn and Wintersl9 on etching with XeFz. 
Fig. 7 s~ows the effect of.450 eV Ar+ on the XeFz etching of Si, and 
Fig. 8 the effect of 1500 eV electrons on the same reactionwith Si02. 
The effect of electrons is especially dramatic. SiOz is unreactive 
t~wards either XeF2 or electrons while the combination of XeFz and 
electrons etches Si02 at the rate of ~ 200 A/min. 

' 
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SYNERGISMS IN SPUTTERING AND BLISTERING OF SURFACES * 

·K. L. Wilson 
and 

W. Bauer 

·Sandia Laboratories, Livermore 

Abstract 

In the evaluation of impurity introduction, a considetation is 
the effect of surface alteration on the physical ~puttering yield. 
Synergistic effects ~f 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 b~ 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. Department of Energy. 
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I. Contribution of Blistering to Impurity Introduction 

Blistering is the general term for surface deformation resulting 

from the agglomeration of implanted gas atoms such a·s H and He. This 

deformatio~ 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 blisteri~g 

can be found in reference 1. Hydrogen blistering of first wall ·materials 

such ·as stainless steel is .considered unlikely [2]. On the· other hand, 

helium blistering is potentially a serious source of impurity introduc-

tion . 

. A number of factors influence the importance of He blistering, 

such as the He energy spectrum emanating from the plasma, angular and 

spatial distribution, flux and total sputtering yield. Blistering due 

to.low energy polyenergetic He+ spectra [3, 4] is unlikely. However, 

the high energy c6mponent (3.5 MeV) of the unconfined a flux may give 

rise to surface exfoliation or blistering . [5-8]. Detailed calcula­

tions [5 - 8] indicated that bl.iste~ing from these 3.5 MeV alpha par-

ticles is possible primarily in early D-T devices with small mino~· radii 

and moderate confinement conditions. The possibility of surface erosion 

by a•s is reduced due to the simultaneous surface ~ecession from low 

energy D,T sputtering. For wall materials with relatively high sputter­

ing yield such as Be, blistering may not occur. However. first walls 

constructed from low sputtering materials such as Mo are quite likely to 
/ 

und~rgo helium induced exfoliatibn in certain ~egions [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 to~amak 

operation can be confidently made. 

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

The synergistic effects of surface topography changes and near 

surface gas loading on wall. erosion mechanisms such ~s sputtering are not 

well understood. Little data are. available for H isotopes and He in the 

·flux and energy range relevant ·to fusion energy. In this section of .the 

paper, existing data on the effects of surface roughness an~ gas loading 

on physical sputtering are summarized and areas where additional research 

is needed are proposed. 

At first glance, data on the effects of surface roughness (either 

naturally occurring or deliberately produced) on physical sputtering appear 

contradictory. Both increased and decreased physical sputtering yields 

(S) have be~n reported for gas atom bombardment of rough su~faces 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 "faceted" 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 surface, as 

shown in the figure section. Experimental evidence for increased S can 

be found in references 10-16. Of particular interest is the 3 KeV o2+ 
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implantation of 304 stainless steel by Von Seefeld [13] .. He observed a 
. -2 19 . 2 2 

change. inS from 2.1 x 10 for fluences ~0 . atom/em to 3.5 x 10-

for fluences up to 4 x lo19·atom/cm2 as the surface roughened. Roth [14] 

observed a 30- 70% increase in thesp·uttering yield of stainless steel 

implanted with protons at room temperature to 600°C and tentatively 
'\ 

attributed it to surface topography changes. Behri sch [15] found no dose 

dependence on the sputtering yield for fluences of hydrogen from 3 x 1019 

to 2.4 x 1020 atoms/cm2 on stainle~s steel. This indicate~ that the 

increased yield due to natural surface roughening is only a transient 

phenomenon that disappears by fluences on the order of 1019 atoms/cm2. 

A similar dose dependence for He+ sputtering of I~conel for fluences up 

to 4 x 1019 atoms/cm2 has been reported by Bohdansky.[l6]. A detailed 

calculation of the sputtering yield from'faceted surfaces can be foun·d 

in the paper by Littmark and Hofer [17]. Their work indicates that the 

sputtering y~eld can increase by factors of 4 or more for certain angular 

facets. The higher·yield on fa~eted surfaces is attributed to the 

larger effective incidence angle of the ions. 

Decreases in the sputtering yield for surfaces with dense conical 

protrusions or honeycomb struc.tures have a 1 so been reported in the 1 iter a-

ture [18- 25]. Relevant measurements to fusion include theW dendrite 

measurements of Ziegler [24] and the Be sputtering"measurements of Mattox 

[25]; Ziegler reported a factor of 3 decrease in the sputte.ring yield for 
+ 4 KeV He on W dendrites compared to smooth surfaces. (His other 

measurements using a gas discharge may hiive been influenced by the 

different discharge characteristics above a flat and dendritic 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 pf 
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~ 1021 ions/cm2. The decrease in sputtering yield for these conical or 

needle~like surfaces has been attributed to the increased probability of 

recapture of ejected atoms by neighboring protrusions [17]. The only 
+ exteption is the increased S for He on the Ti and V surfaces with cone 

formation produced by oxygen exposure [26]. However, the cones were only 

observed on certain grains, and it is possible that the effects of oxygen 

exposure was a larger influenc~ on S than surface topography. 

Since virtually all the H, He sputtering measurements (especially 

the' \'Jeight loss measurements)· have been made at high ion flue·nces 

(> ~o19 atoms/cm2), these data already include the effects. of natural)y 

occurring surface roughening due ~o the bombardment. More experimental 

work ·an deliberate surface modifications such as dendrite growth or 

hon.eycomb structures that lower S should be pursued. However, to date 

the measurements of the increase or decrease of sputtering yield due to 

surface topography appear to be l.imited to a factor of 3 or less. 

· The changes in sputtei yield due to gas loading of the near surface 

are not well documented. As listed by Andersen [27], gas trapping can 

affect sputtering by: 

1 ) Influencing the call is ion cascade 
I 

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

3) Induced phase change 
. + Blank [28] has reported up to a 60% yield enhancement of Xe 

sputtering of Si when the surface was pre-saturated with Xe. ·He 

found that the trapped Xe influenced the surface binding energy, the 

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

:- : 
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"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 
I 

of 5 x 1016 to 0.14.at ~ fluence of 5 x 1017 . The change was attributed 

to .surface binding energy changes from the stress of implanted helium. 

Thus, gas loadin~ can be a detectable effect at low fluences. 

However, at high fluences, the present H and He sputtering data 

base has been determined for gas saturate~ surfaces. Metals such as 

stainless steel have reached steady state near surface saturation con­

cenlrations of hydr·ogen or heliuiT] by fluences of~ 1018 atoms/cm
2 

[2,4]. Furthermore, H sputtering yields from metals such as Ti [30], 

which readily form hydride surface layers upon H bomba.rdment at room · 

te~perature, also reflect the influence of gas loaded surfaces. 

Scherzer [31] has characterized the existing weight loss sputtering data 

as representative of a ~ulticomponent system made up of the target lattice 

saturated with the implanted ions. No da~a. appear available for H 

sputteri~g of He loaded surfaces. However, data for He sputtering of 

He loaded metals such as Ni can be fit with the same target parameters 

as H sputtering of Ni [32]. · It seems unlikely, therefore, that H 
. . 

physical sputtering of He loaded surfaces will be a major effect. 

!hus the present data consist primarily of high fluence measurements 

relevant to long burn time, high duty cycle fusion,·devices. However, for 

devices such as· PL~ Doublet a~d ISX the relevant sputtering yields are in 

a l~w dose (~ 5 x 1ol 6 H/cm2 p~r discharge) regime where the yield may not 

achieve the high fluence stead~ stat~ value. For example, recent measure-

ments. by Bohdansky [33] using laser fluorescence spectroscopy indicate that 
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the H sputter yield of Fe up to a dose of 6 x lo16 ·Hfcm2 is an order of 

magnitude lower than that previously reported at higher doses (> 6 x 1018 H/cm2). 

This effect may explain the discrepancy between the observed Fe concentration in 

the PLT plasma compared to the BALDUR [34] transport calcul·ations using high 

fluence sputter yields. 

So far we have discussed synergisms only on physical sputtefing. 

A significant contribution to impurity introduction may be made by chemi-

cal sputte~in~ in particula~ 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 ~hemical sputte~ing 

yielq of materials such as·carbon [35]. Limited data relevant to fusion 

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 exfoliation on the overall plasma 

induced sputtering has been reviewed and found to be potentially serious 

only for the high energy a component. Sufficient data and calculations 

are available to predict the importance of the effect for various tokamak 

configurations. 

The synergistic effect of surface roughness on the .sputtering. yield 
... -

has been summarized and found to enhance or d~crease 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 relevant to plasma modelers who require yields from realistic 

surfaces. 

Th~ synergistic effect of gas loaded surfaces on the sputter yield 

has been reviewed and found to reach steady state at H isotope doses of 

order lo19 H/cm2. The effect is inevitably incorporated iri the measured 

yield at high doses. 

There is a need to study s~utter ~ields at low doses (~ 1olS H/cm2) 

to determine the effects of adsorbed gas 1 ayers·, 1 ow gas 1 oading, etc. 

'These data are important for plasma modeling of preserit devices where H 

isotopes and wall fluences generally do not exceed~ 5 x 1o16;cm
2 

per 

pu 1 se. 

If the use. of reactive materials such as carbon- is·contemplated, ton-

siderable work on gas synergism, especially at high temperatures, needs 

to be done. 

. ' 
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Figure Captions 

(l) 

(2) 

(3) 

(4b) 

(4c) 

(Sa) 

(Sb) 

(6a) 

(6b) 

Scanning electron micrographs of 316 stainless steel implanted with 
300 keV He at four different temperatures to a dose of 4 x 1016 

He atom/cm 2
• Note multiple flake exfoliation at 300 and 500°C. 

[34] 

Surface deformation observed after 20 keV bombardment to 1.2xl0 16 

· He+ cm- 2 at 575K, for samples wit~: (a) no pre-implantation; 
(b) pre-implantation to 0~1 ,atom fraction He with 3-15 k~V He+; 
(c) 0.2 atom fraction; (d) 0.3 atom fraction. Note the disappearance 
of b 1 is te rs in (d) . [ 4] · 

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 
(T =melting temperature (K)) and surface recessional velocity due 
tomsputtering from the D,T charge exchange neutral flux with the 
indicated energy (plasma edge temperature). [7] 

Typ1cal 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 mi·crograph of a 
(100) copper single crystal bombarded with 20 keV neon ions. From 
J. J. Ph. Elich. [17] 

Definition of structure paramete~s, coordinate systems and reference 
planes. [17] 

Relative total sputtering yield~ for a fac~ted surface with facet 
angles a= 30° a = 60° f. = cos- 2 e. f = cos 0 . [17] 

' '~ ' 1 ,. 0 0 

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

Surface topography of proton irradiatiated stainless steel at 
different temperatures. [14] 

Typical tungsten surface which has been covered With single-crystql 
dendrites·. Only the largest dendrites can be seen, with the largest 
dendrites being about 80 ~m high. The dendrites are single crystals, 
with their <111> axes aligned to a common axis within 2°. [24] 

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 lines are experimental and theoretical sputtering 
values for other materials. [24] 
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(7a) Surface morphology of vacuum deposited beryllium as a 
function of hydrogen ion (1000 eV) dosage. {25] · 

.(7b) Hydrogen ion erosion yield of vacuum-deposited beryllium 
and of bulk beryll i urn. [25] 

(Sa) Model of honeycomb cell. [22] 

(8b) Sputtering ratios for varying angular source distributions. 
[22] 

(9) Sputtering yields versus 20 keV xenon fluence. · The accuracy 
in the absolute sputtering yields is indicated by the error 

. bars. The accuracy in th.e relative yields is much better. [28] 
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Figure 2 
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NEUTRO.N ·~PUTTERING 

M. Kaminsky 

Argonne National Laboratory 

.SUMMARY 

For the sputtering of metals by energetic n~utrons peveral types of 
neutron sources have been used which provide neutrons with energy 
spectra ~hich are' typical for the kind of squrce used. For example, 
in sp4ttering experiments neutrons from fission processes, the 
(d,Be) reaction, and the (d,t) reaction h·ave b~en 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 neutr"on sputtering yields for different metals irradiated for 
ne4trons from fission processes and the (d,Be) reaction have been 
r.eported by various authors to vary from "' (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 
s~e~tra ac~ount for the observed differences in the yiel~ values 
c~nnot be clearly delineated. 

~eutron sputtering yields for different metals (e.g. Nb, Au) for 
en~rgeti~ neutrons from the (d,t) reactions have beep r~ported 
by V~riqtis authors to vary from 'V 3 X 10-3 to "' 1.1 X lo-5· atom/ 
neutron (see enclosed Table II and Ref$. 10-16). In addition, in a 
roun~ robin experiment [2] two types of colq-rolled Nb targe~s 
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 lQ-5 tO~ 2.6 X lQ-3 atoms/neutron were reported (see 
enclosed Table III taken from Ref. 2). ~he participants in the 
round robin experiment concluded that the estimated probabl~ 
sh4tt~r yield value is no larger than lo-4 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 ~he ·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 Hith two different 
surface finishes by (d,t) neutrons, total sputtering yields ranging 
from.{ 5 X 10-S to 4.5 X lQ-4 atum1:i/ueutron have been reported [17). 
For one type of target both atomistically sputtered vanadium and tne 
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.reactoi components by neutron 
sptittering 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 ~igmund's theory· are 
listed in Table IV. The calculated values are generally lower than 
the experimental values listed in Tables I and IL Sigmund's 
theory, based on the developmen~ 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 resuhing from a _ 
neutron hit can produce local stresses large enough. according to. 
Griffith's ctite~ion, to nucleate a penrty-shaped:crack about the size 
of the cascade. Such a rnicrocrack 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 an~ sub.:..boundary climb pile-ups, were identified as candidate's. for 
the needed energy storage configuration. He.pointed out that each 
such configuration wou~d have suffered more than one· appropr-iate 
neutron hit in the experiments of references 13-15. 
Robinson el.: 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 
Source 

:J:.u 

Fission 

Pu-Be. · 

D-Be 

Battelle Ticsearch Reactor 
Bulk Shielding Reactor, 

ORNL 
CP-5,A!:"L. . 
Battc:Jc Research Reactor 

( 40-l\le v n·, cyclotron) 

Target M ctcil" 

Au· 
Au 

Au (monocrystal) 
Fe 
Fe 

(at 200°-34'0°C) 

Au 

Au 
(clcctropolished) 
. Au 
(cold-rolled) 

Nb 
(monocrystalline) 

.Nb 
(discharge 
machined} 

Neutron 
Energy• 

spectrum , 

, 
, 
, 

(average 
- 2.0 !vleV) 

1~1ean ~ 4.2 

spectrum 
[0-35 MeV 

peak ....., 15l\1eV] 

· • All targets are polycrystalline unless stated otherwise. 
• Only neutrons with encrgi·~s larger than 0.1 MeV were considered as contribut­

'ng to oputtcring and accour:tco for :n 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. 

• Revised to 1.8 X 10·~ atom/neutron (~2). 

i 

I ,. 
I 

·! 

Irradia.ted with Neutrons from Fission Processes and the (J,Be) Reaction 

Neutron Dose Sputtering YieldS~ 
(neutrons/ cm2) ~ atom/neut"'on) · Reference 

4 X 1QI7 (l.O ± o.3) x w-e 3 
not stated (1.83 ± .56) X 10"8 4 

· 2.1 X 1017-5.5 X 1017 1 x 10"3-6 >~ io-3
• s. 

2 X 1018 (5.7 ± 0.8} X 10-3 6 
4.5 ± 0.7 X 10-3 • 7 

7.8 X 10'8-1.4 X 1019 3.X 10-3-8 X 10-3 . 7" 

3.6 X 10"-7.3 X 1011 o.5• 8 

4 X 1016 < 7 X 10"5 , I < 3 X 10"3 I .. 

2.5 X IOU < 7 X 10"5
', < 1.3 X 10""'' 

·[} -
3.5 X 1018 <ax IO-sr 

3.3 X 1018 < 3 X 10"5
''' 

• Revised value of the one in Ref. 30. 
• The same authors later sUggested (fS) that the~e may h~ve been large ey&o 

tematic errors in this value. 
'Forward Rputtering yield. 
• Backward sputtering yield. 



·t-' 
w 
1 

\J1 

' .. 

T:aMe ,u: :Summary ·of (tl,i) Neut.ron 

Neu'tron Dose 
'Tar;ge.t M.etaz·• (neutronsficm:)) 

A1u !(mm1ocry:staHinc~ 2,3 X 1013 

Au .2.4 X 1013 

Au 

Au (annealed) 

Nb (cold-rolled, lightly etched, 5-10 ,urn micro­
fini~h) 

Nb (coltl-rolled, lightly elcctropolished, ,_ 5 ,urn 
microfi n ish) . -

Nb (anncn.lcd, clcclropolished} 

Nb {monocrystallinc) 

Nb (colci-rollcd, ckctropolished, 1-5 p.m micro-
. fini!;h) · 

Nb (cold-.rollcd, heavily etched, 1-4 ,urn micro­
fini!;h) 

Nb ·(cold-rolled, lightly etched., 1-4 p.m micro­
finish) 

1:9 X 1014 

5 X 1014....:2;6 X 1016 

5 X 1015-1.5 X 1016 

5 X IOIS 

4.6 X t015 

4.3-4.6 X lOu 

1:7 X lO's 

5 X 1014-2.6 X 1016 

· .'• The mean energy ·o'f neutr-ons is 14.1 MeV. 
• All t,.argcts are ,polycrystalline metals unless stated otherwise. 

· •. Backward sputtering yield. 

Sruttering Yields £or DHferent ;Metlils'• 

Sputtering Yi·eld .S,. f(a tom(neu'troil,) 

:s X 10"3 · 

< ·6 >< ['0-~ 

3.3 .x w-•·.,:2J6 x 1o~" .. 
2.5 X IO~s-4:5 X 1'0"4'":, t2 X ro-s_z;o X 10·•• 

< 2 X lo·•-7 .. 6 X 10"4 f(2.2 X 10"3.} • [inCludes contribution ' 
from chtmk deposits ·of 5 X m-5-1.:6 X ro·' ( L6 X 10"3) •] 

<6X w-s 

l!J 
1.1 

.12 .• 
13 

·14 

13: 

< 2 X 10"4-1.7 X ro-a {3.7 X 10"2)'~ :[includes contribution l4,_ 15J 16 
fr-om chunks of 0-1.1 X w·B (3:6 X 10•2.) 

4
] . 

< 2 X Io·•-5.2 X m-4 (6-8 X l0-4}' [contribution 
from chunks, 0-2 X ro-s {l-3 Xl0-4 ) ".] 

< 2 X 10"4 

1.1 x w-11-5.9 x to·•·, 1.5 x m·s...:1.3 x 10"3 • 

6.4 x 10-s_ < 2.3 x w·-'·, < 4.4 x to·~-< LO .x ro·a· 

< 3.6 X 10.5 .,8.5 X 10·•• 

• These ar= highest values observed :in a run. 
• Forward sputtering yield. 

.13 

1 ·-.: ... 

1 .. ·u 
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Table II f. Summary of Results 

Type and Chunks 
No~ and energy of Sputtering ratio Size Density Methods of anal-
type of No. of irradialing atoms/neutron · (avg) (avg) ysis and scnsi-

Laboratory targets collectors particle or proton ~m) (No./cm2) tivity limits Co~ments 

PNL 2 Nb(AP 2 14. 8-!IIcv :s G. G x1o-~ to Neutron act. anal. Yields arc in-
neutrons :S2.6Xl()""J .Scnsitiv. 2x1o11 dependent of 

PNL 2 Nb(B)b 3 14. 8-l\Iev :s 6. 0 xlo-~ to to 2 x1ol 2 atoms fluencc. Low-
neutrons :Sl.3Xl()""3 est values of Sn 

should still be 
considered as 
upper bow1ds on 

/ the sputtering 
ratio. Back 

; ground h·on1 
blank runs 
averages 2 
x1ol 2 atoms per· 
collector. 

ANL 6 Nb(A) 6 14.8-McV 7 x1o·5 to 0.2- 0-11 
·neutrons 7 x1o·4 1.7 RBS (5 ~io-4) < Collectors from 

Al\'L 2 Nb(B) '4 14.8-McV < 2 x 10·5 to IMM.A Cl X10"3) c blank cxpcri.,. 
neutrons <3~<lo-4 SEM (- 0.1-1m1- ments with type 

diam chunks) Nb(A) targets 
AES (1 x 1 o-2)• which had nul 
IMM.A scan of col- been exposed to 
lector area · 14. 8-!lleV neu-
facing Nb(A) was tron irradia-
4. 85 cm2, and tion, but had 
facing Nb(B) wa:: rccE;·;cd idcnti-
3. 61 cm2• cal 1::..-:dling, 

procedures re-
· vealed no chunk 
deposits. 

LLL 1 Nb(A) '1 14.8-MeV 1.45 x1o·4 2 39 IMMA and SEM Collectors from 
neutrons used to examine a blank experi-

LLL 1 Nb(B) 1 14.8-MeV 1, 36 XlO"~ 1. 3 cm2 ment with a tar-
neutrons get of type 

. Nb(A) and no 
neutrons had 
1.8x1o11 cm2 

atoms on the 
collector and no 
observable 
chunks. 

ORNL 3 Nb(A) 6 (d, Be), SEM, chUhk reso- Examined 20, 
3 Nb{B) 6 d=40 MeV ... lution ~ 0. 5-Jlm 1-mm2 areas on 

broadly particles each of 18 
peaked at collectors. 
15 MeV 

:McMaster U. ·2 Nb(A) 4 16~MeV ~4X1()""4 O. 2 cm2 by SEM .d Negative results 
protons. 0.5 cm2 by AES d for Nb detection 

2.Nb(B) 4 16-'l\IeV :S 8 X1o-4 0.1: cm2 by SEMd in all cases. 
proton:; 

I 

LLL, 1 Nb(A) 1 16-MeV 2.2 x1o-s . . . ... IMMA Sputtering ratios. 
protons 0; 5 Jlm chunk re- believed to be 

1 Nb(B)- 1 1 G-1\IeV 2. 2 x1o-s solution and accurate to 
protons / -1ol0 atoms/cm2 within a factor 

sensitivity of 5. · 

a.l\'bCA)-t:lrgcts prepared by ANL (sec Sec. IL-\). on Si Ul.l) collectors. 
bNb{D)-targcts· prcparC'd by Battelle (sec Sec. IIAJ. dl\linimum net area estimated more th:in 1 cm2 actually 
<scnsiti\•ity values arc quoted in monolaycrs of niobium scaruiCd. 
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Table IV Fast neutron sputtering yi.elds S , for some materials calculated 
n 

using Sigmund's Theory. 

I' 

<o E > tt . Sputtering Yields s (atom/neutron) 
D n 

{or 14-MeV 
Random Sn for neutronS Forward s for 

Uo Target . 2 . 20. n 
235i.J Metal ( ev'/ a tofri) (ev - em x 10 1

) 14-MeV neutrons* Fission neutron soectrum 

. 7.4 ' 4.i6 (2.8) 2.4 X 10-6 -6 c (1. 6 X 10 ) -
Al 3.36 16.4 (17.5) 2,1 X 10-5 -5 (2.2 x_ 10 ) 2.4 X 10-5 

Ti 4.89 19.8 1.7 X 10~5 -
v 5.33 23.7 -5 1. 9 X 10 -
Cu 3.52 (2.5.3) 

. -5 
(3.0 X 10 ) 1.9x 10-5 

Nb 7.59 27.3 (211. 5) 1.5 X 10 -5 . "-5 
(1. 4 X 10 ) 8.9 X 10-6 

Au 3.80 (18.2) -5 (2,0 X 10 ) l.lx 10-5 

H . 
·The values are taken from Parkin et. al.· the values in par~nthesis are taken from 

Robinson. · 

tttThe S values were calculated by Robinson in Ref. 18. 
b 

* The Sn values in parenthesis were calculated using the <o ED> values given by Robinson· 

and others were calculated using <o ED> values given by Parkin et. al. 
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I. 

SPUTTERING: THEORY-MODELLING 

* 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 
sputtering yields of various materials bombarded by energetic ions. 
These attempts fall into two broad categories: The first involves the 
use of transport 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 
numerica1 procedures while the latter, by their nature, attempt to 
simulate the actual physical processes. These two theoret-ical 
approaches will be discussed below, with emphasis on the more compre­
hensive or recent formulations,., 

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 r~strictions included in the Sigmund formulation involve the 
neglect of the su.rface 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 g'iven 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 developm~nts 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 s·topping and a planar 
potential surface barrier, good agreement is obtained between the predic­
tions and the experimenta~ 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 ang~e. 

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 simul.ation has ranged from binary collision calculations of the 
recoil energy deposited at the surface [10,17] ~o 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 TRI~ [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 crystal. 
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. [Biersac~, private 
communication]. 

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 ener.gy Eb 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 Eb is larger than that of 
Biersack's. Hou and Robinson Tl6], using MARLOWE, have~= 0 .. In 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=EHssec2e, where EHs is the heat of sublimation). Haggmark and Wilson 
use the isotropic potential barrier model, i.e. independent of e, but 
with Es ~ 1.3EHs· Even with some of these basic differences, each of 
these sputtering formalisms predict sputtering yielus as a function of 
energy whichagree reasonabl~ 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 
e, ·although it is unclear from his limited results if this angular de­
pendence is as strong as the. sec2e 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 ordinat.es method of Hoffman, et al. provides good 
results fo~ 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 potential~ 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 

Pavlov, et al. 
(1966) 

Betz, et al. 
( 1971) 

Projectiles 

B,Ai 

Xe,Ar 

Harrison, et al. Ar 
(1968,1972,1976) 

Displacement 
Threshold 

Targets Ed 

Si-

C,Si.,Cu, 
Ge,Ag,Cd 
Au 

0 

Bulk 
Binding 

E b 

30 eV 

0 

.cu Molecular Dynamrcs 

Surface 
Binding 

Es 

0 

EHS 
EHS'_2_ 

cos 9 

Comments. · 

J. E. Robinson H,D,He 
( 1974) 

Nb No ~nock-6ns Considered, calculated FD 

Ishitani and 
Shimizu (1975) 

Ar Si 15.8 eV 

8iersack {1977) 
TRIM 

H,He,Ag, 
Bi,Kr 

Nb,Au Eb 

Haggmark and 
Wilson (1978) 
TRH4 

He,H,D,T C,Ni,Mo,Au Eb 

·Oen and 
M. T: Robin·son 

. (1979) 
~iARLOWE 

Hou and 
M. T. Robinson 
( 1979) 
~lARLOWE 

Behrisch, } 
et a 1. (.1979"} 
MARLOWE 

He,Ar,Ne 
Kr,Xe,Au 

H,D,He 

FeH,FeH2 

Cu 

Fe,Mo 

EHS:. Heat of sublimation 

EFP: Frenkel pair formati.on energy 
f E1v: Vacancy formation energy 

* 

5 eV 

EHS 

0-12 eV 

EI: "Effective" Interstitial formation energy 

FD: Deposited recoil energy density 

N.A.: Not applicable 
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Sigmund's Theory Compared to Experimental Data 
[Phys. Rev. 184, 383 (1969)] 
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Hou and Robi~son 
. [App1. Phys. 18,- 381 (1979)] 

ORNL--DWG 78-12598 
5~--------~----------~----------~----------.. 

EXPERIMENTAL -L-
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(POLYCRYSTALLINE Cu) · .,-

. _,.,. 0 
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-~ 
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o WEIJSENFELD 
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o SOUTHERN, et al. . o ..,.- ..,.- t ~ 3 w 
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~ _,...:6-'l ·o :r . 
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~ 1 ·. ~4 
(J) . 6,£ 

,~ 
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·o 0.5 
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Hou and Robinson (MARLOWE) 
[App 1 . Phys. l 8, 381 ( 1979)] : 

ORNL-DWG 78 -t2600 
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1 keV Ar -+-Cu (AMORPHOUS) 

., 
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~· Q / ---.sec .o '/ 
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[Appl.. Phys •.. 18, 381 (1979)] 
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CALCULATION (AMORPHOUS Cu) 
PLANAR BI~DING, FIRSOV a12 VALUES 

! 2 MARLOWE I. 

/"f- -; f- -r-

ORNL--DWG 78-t2599 

Au 

1 keV 

500 eV 
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II. Analytical Expressions: Physica1 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 considered. Important parameters 
include: 

incident ion (or neutral) 

ion 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 ( S 1 keV). Until re­
cently, these were the areas where experimental dat.a were more sparse. 
Also, theories developed were less applicable for these same conditions. 

Early estif!lates of sputtering yields for light ions were developed by 
Goldman and Simon(l) 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 > EB (where EB 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 
high energies. 

Figure 1 shows a plot of the predicted sputtering yields for deuterium 
and helium on niobium compared with experimental data .. Nearly all of the 
more· recent analytical expressions for physical sputtering are based on 
the theory developed by Sigmund.(3,4) Using the Boltzmann transport 
equation, Sigmund obtained the follow.ing solution for the sputtering yield 
of amorphous solids. 

S(E,n) = A·F(x=O,E,n) 

where A, which is a constant characteristic of the solid, is given 
approximately by 

A = 
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where U0 is the surface binding energy and N is the atomic density of the 
target material. . The F term is the deposit.ed energy function that can be 
further defined by 

where Sn(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=O 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 different investiga­
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 SigmundE4) 
based their calculations on Lindhard's(S) 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 
e~ergies. The calcul~ted values are still much higher 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. 

GusevaC8) used the Sigmund formalism to develop expressions for the 
sputtering yields of light ions. In order to obtain better agreement with 
experimental data, the a parameter was adjusted by correlation with 
existing· sputtering data. Guseva' s results g-ive over a factor of six 
greater peak sputtering yields for molybdenum than for tungsten when 
bombarded by hydrogen. 

Smith(9 ,l0)has developed ~ 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 considerations, is 
given in te~ 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 par.ticle. The general shapes of· the sputtering yield 
curves are based on theoretical models, whereas the magnitudes of the 
yields are derived primarily from experimental' dat'a. Characteristics of 
.the original 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 energie~, and (c) a peak at intermediate energies where 
the yield is relatively insensitive to energy. The recent modification(lO) 
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 

10 2 2 Ml · (E-E ) 
S(E) 

th - 2
1

2
2 t:l 2 u 

0 . 2 (E-E . + 50 z.z_) 
t.:U ~ L 

where· 
2 

(Ml + M2) 
u for Hl M2 Eth = 5 4M 1M2 

0 

H2 
for H

1 
> M Eth = -u 

H
1 

o 2 

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 developed for ntetal 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 dependence of the sputtering yield has rec~ived less attention. 
Winters(!!) 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-Neutron-Sputtering Calculations 

J.P. Biersack 
Hahn-Meitner Institut, ·rooo Berlin 39, Fed. Rep. of Germany 

and 
A. Riccato and w. Kaczerowski 

Technische Universi.tat Berlin, 1000 Berlin 12, Fed. Rep. of Ge.rmany 

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 
anq 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
fng 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 yields: neutrons (forward direction) 14 X 10-6 atom/neutron, 
neutrons (backward direction) 0.2 to 0.3 X lo-6 atom/neutron. For 
p'rotons (forward direction) 24 X 10-6 atom/proton, and for protons 
(backward direction) 10 X 10-6 atom/proton. About 10 X 10-6 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 ~nd the forward to backward ratio considerably. 
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