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ABSTRACT

Sputtering yield data for light ions H, D, and He in the energy range of 60 to
8000 keV are presented for 13 different elements and 13 compounds. Data for heavier pro-
jectile ions are given for Ni and W.

For normal incidence the energy dependence of the sputtering solid for all materials
can be normalised and an empirical universal sputtering formula describes the measured
data within a factor of 2.

For the materials Au, Mo, Ni, W and TaC the dependence of the sputtering yield of
the angle of incidence has been measured. The distribution of sputtered partlcles is
given for Ni, W and TaC for different angles of incidence.






CONTENT

INTRODUCTION ... . . . ; e e e v s .
EXPERIMENTAL . . . . v v v o o o v «
RESULTS C s e e e 4 e e e e e e e e

1) Energy dependence of the sputtering

for normal incidence

Elements 5 -~ 35
Compounds 36 - 61

2) Angular dependence of the . e
sputtering yield

3) Angular distribution of the , , . .
sputtered particles

DISCUSSION . . . . . . ... .....

REFERENCE . . . . . . ., . v .« . . ..

PAGE

63

74

82

90






ISTRODUCTION

' This report describes the results on light ion sputtering‘of a variety of
materials at energies between 50 eV and 50 keV optained in the years 1974 to 1978.
In this energy range very little data on sputtering was available for helium and
hydrogen isotopes. There was, however, an urgent need for these data as impurity
problems in fusion research became important and one main impurity source was
supposed to be sputtering. Some data obtained for heavy ions and selfsputtering

are also included.

Most of the data presented have been published in condensed form in a variety
of journals and conference proceediﬁgs but it was felt that a complete presentation
of these data may be helpful. In the course of the work, many scientists have con-
tributed énd will be quoted in the list of original publications.

The data are presented in three different forms:

1 The bulk of the data is presented as sputtering yield versus energy of the

sputtering ions at normal incidence. The data for elemental materials are
listed in alphabetic order. Separated from the elemental materials are
alsc data for different compounds as carbides and oxides are listed again
alphabetically. In addition to tables the results are presented in

graphical form.

2) The angular dependence of the sputtering yield is given for a small number
' of material. The data are plotted as sputtering yield versus the angle of
incidence with the energy of the sputtering ions as parameter. Again tables

are added for convenience.

3) The angular distribution of the sputtered particles is also given for some
materials. The data are presented in a polar plot as sputtering yield per
steradian Qersus angle of emergence of the sputtered particles. The angle

of incidence of the ion beam and the ion energy are parameters.

The data for normal incidence for thé.different materials are compared. The
observed similarities at lower ion energy are used to deduce an empirical formula
for the energy dependence of the sputtering yielé in this energy regime. The
plots for normal incidence show curves'obtained from this formula to extrapolate
the data to near threshold energies. No comparison of the presented data obtained

during the course of this work with'published results of other groups will be made.

Before presenting the results, the experimental set up will be discussed

shortly.



EXPERIMENTAL

Most of the measurements were pgfformed on a 15 keV ion accelerator, which has
been described in /1/. A schematic of the main features is shown in fig. 1. A high
current injector /2/ of the Oak Ridge tybe was used as an ion source. The central
part of this beam was magnetically analysed and entered a viton sealed stain-
less stéel target chamber. As the ion source operates at rather high gas pressure

(.~ 10-1

Torr) effective differential pumping is necessary to prevent excessive
neutralization of the bear as weli'as a high partial pressure of the working gas
in the target chamber. The di fferential pumping stage was therefore equipped with
a turbomolecular pump (LEYBOLD 500) together with a roots pump (LEYBOLD Z 05). The
pressure in the differential pumping stage was about 8 x 10-5 Torr. The target
chamber was evacuated by a turbomolecular pump with 400 1/sec pumping speed.

7

A pressure <10 ' Torr could be reached. During bombardment it rose to 2-3 x 10—6 Torr,

mainly due to the partial pressure o{ the working gas.

At extraction’voltages below 2 keV the current density falls rapidly causing in-
conveniently long irradiation times. Therefore, in the cases of low energy irradiation,
a 4 keV ion beam was extracted from the ion source and magnetically analyzed. .
Directly iﬁ front of the target the beam passed through a collimator system and.was
decellerated by a positive target bias (Fig. 1). This collimeter system has beeg
‘described in more detail iq /3/ as well as difficulties arising from neutral partic-
les, which are not decelerated by this retarding field. As the neutralized fraction
of the beam is very important at low energies, where the sputtering yield by the .
jons is strongly decreased, it has been measured carefully /3, 4/ to 2.6, 1.3 and
1.6 $ for 4 kev He+, D3+ and H3+ ion beams respectively. The presented data have

been corrected for the amount sputtered by the 4 keV neutrals.

The amount of sputtered material was determined by the weight loss of the,
target measured by a Mettler ME 22 microbalance with a sensitivity < 1 /ug. The
weight loss Am was usually 30 - 100 /ug. The weight change due to the
implanted ions has been neglected in determining the sputtering yield. The yield

has been calculated using the equation

Y = ~— N (1)
MaNy
where No is avogadro's number, M2 the atomic weight of the target atoms aﬂd N1
the total number of incoming ions. For selfsputtering, however, the implanted ions °
are identical with the target atoms and have been taken into account /6/. Hence

the self-sputtering yields were calculated from
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AE, g = ' (2)

The problems arising from the implanted ions has been discussed in /1/ and
/3/. In the case of hydrogen sputtering of Ta the trapped amount of hydrogen ex-
ceeds the weight loss due to sputtering at room temperature. Therefore these
measurements have been performed at 400° ¢, where it is known, that all trapped
hydrogen is reemitted /5/. For Ti and Zr the sputtered particles have been collected
on a Si collector and analysed with Rutherford backscattering. By comparison with
He sputtering, where the weight loss can be used to measure the .sputtering yield,

the collection geometfy could be calibrated.

A similar collection method has been used to determine the angular distri-
bution of sputtered particles. The particles were collected on an organic foil,
which had about 2000 £ Al film evaporated. The collector was analysed with RBS or
nuclear reaction techniques /7,8/. To obtain absolute data the method has been
calibrated assuming that at normal incidence the observed distributions has a
rotational symmetry around the beam direction. The method is described in /32/ The

angular resolution was limited by the size of the beamspot and was about i 59

For measurements at energies above 8 keV the 150 keV ion accelerator PHARAO
was used /9/. A 20 keV mass separator was used to determine the sputtering yield

by heavier ions /10/.

Routinely the surface structure of the samples before and after sputtering
have been observed in the SEM /11/. Typical surface structures are normally shown
in the o:iginal publications. As in no case, neither for normal nor for grazing
incidence, an influence of the surface structure onthe yield data could be found,

no SEM micrographs are presented here.



RESULT

1.) Energy dependence of the sputtering yield for normal incidence.

Data for the sputtering yield versus ion energy is given for the following ion target

combinations.
Table I
elements H D 3He 4He o} Ne Ar Ni Kr Xe
Al X x X
Au b4 X x x
Bé X X ' ' b4
C ) b4 . b b S
Fe . b4 X b4
Mo - X b4 b 4 X
Ni ' X x b4 ‘ b4 b4 X X X x
Si V ' X X X
Ta x; X X
Ti . X . x
' X X
X X X X x X x X
Zr ' ' x x
compounds *
A1203 b4 b b 4
'B4C X X v X
BeO X b4 b4
Ni-alloys b4 X X
. SAP - X X X
sic x x x
sio, X o x X
ss X x x
TaC X X b4
Tazo5 X b 4 X
TicC X X X
wC X X X
zZrC ' x " x ‘ x

These results are presented in Figs.2-27 and table 2 to 27. References to the

original publications are given in the figure captions.



Table 2 Al

Energy (eV) ut D+ 4He
70 . 2.29 . 1073
. . -3
100 6.74 * 10
200 3.0 + 1073 2.55 - 1072 1.31 + 107"
210 1.74 - 107!
300 6.1 - 1073
500 : 6.8 - 1073 3.44 + 1072 2,25 + 107!
500 2.05 * 107!
1000 9.3 - 1073 4.15 « 1072
-2 -1
2000 1.6 - 10 1.44 - 10
2000 1.90 *+ 10”1
-2
3000 2.61 - 10
: -2
4000 1.13 - 10
8000 2.7 . 1073 6.22 » 1073 7.86 . 1072
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Fig. 2: Energy dependence of the sputtefihg yield of Al with H, D, He. The'

solid curves are a fit of the empiric formula eq. (7) to the measured
points for energies up to 1 keV. The data will be published /12/.
A comparison with fig. 15 shows a strong similarity between A1203 and

Al. This might be due to oxide formation during sputtering of Al.



Table 3 Au
Y}elds
Energy v(eV) H+ D+ 3He 4He+
110 1 . 1074
150 6 - 104 3.0 * 1072
200 2.3 . 1073
250 8.0 - 107° 3.9 . 1073 4.8 . 1072
-4
300 3.85 - 10
400 7.26 « 1074 4.71 + 10
500 1.57 + 1073 1.5 « 1072 9.28 . 102
1000 7.13 » 1073 3.02 . 1072
1000 7.27 + 1073 2.66. 1072 1.45 + 107}
1000 5.77 . 103
2000 9.50 - 10°° 3.81- 1072 1.08 * 10 1.95 - 107)
2000 1.00 . 1072 1.76 - 107"
2000 1.12 + 1072
4000 1.60 - 1072 4.28 - 1072 1.92 - 107"
8000 1.44 + 1072
8000 1.76 - 1072 3.97 . 10°%  1.28 - 10° 1.66 * 107
8000 1.36 » 1072
10000 1.02 + 1072
20000 8.14 - 1073 2.7 * 1072
20000 8.68 + 1073
20000 8.59 + 1073
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Energy dependence of the sputtering yield of Au with H, D, 3He and 4He.
The solid curves are given by eq. (7) for energies up to 5 keV. The

data are partly published in /3/.
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Table 4 Be

Yields
Energy (eV) H D He
50 5.8 ° 1073
70 2.06 - 1073
90 7.2 . 1073
110 3.9 - 1072
130 2.8 10~
150 3.4 . 1073 1.14 - 1072
150 3.99 - 1073
250 . 1.88 - 1072
300 5.67 = 10~
330 1.6 - 1072 3.5 -« 1072
500 6.42 . 10°
750 2.04 *.10°
1000 1.82 + 1072 2.8 . 1072
1500 1.52 - 10
2670 1.28 - 1072 2.04 - 1072
4000 8.1 - 107
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possible ion induced oxidation occurred during sputtering.



- 12 -

Table 5 C
yields
Energy (eV) H D He
50 4.75 « 1073
120 8.61 + 1073 1.78 + 1072
-2
150 5.69 + 10
250 3.0 - 1073 2.67 + 107°
330 9.4 . 1073
: -2
360 8.08 + 10
-2
500 2.23 - 10
-3
670 7.8 - 10
670 g.05 + 1073
-2
750 8.62 + 10
1000 6.1 - 1073 1.87 + 1072
2000 4.8 - 1073 1.14 - 1072 7.78 » 1072
2000 4.9 1073
2000 5.6 1073
4000 3.37 - 1073 7.77 + 1073 8.2 - 1072
5000
6000 7.76 + 1072
8000 6.1 1072
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Fig. 5: Energy dependence of the sputtering yield of C with H, D, He. The sputtering yield
for different kinds of graphite vary widely /1, 14/ according to their structure

and orientation. Here only data for pyrolytic carbon (Union Graphite) are reported.
These results are published in /1, 14, 15/. Data reported in /1, 14/ with total
welight changes less than 10 /ug are omitted. The solid curves are a best fit to the

data taking eq. (7) for energies below 300 eV. For sputtering with D and H, an

increase of the sputtering yield at elevated temperatures ( ~ 500°
effects has been observed and is published in /14/.

C) due to chemical
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Table 6 Fe
‘ Yields
Energy (eV) H ©.D He
e
90 3.25 * 107
100 3.55 + 1074 1.08 + 1072
-3
200 2.75 « 1073
-3 -2 -2
200 3.4 - 10 1.58 + 10 5.1 + 10
240 6 - 1073
300 5 . 1073
380 8.7 - 1073
500 1.2 * 10°°
-2 -2 -1
500 1.18 - 10 3.18 - 10 1.08 - 10
500 1.0 . 1072
640 1.3 - 1072
750 1.1 . 1072
L2
1000 1.1 10
1000 1.4 - 1072
1000 1.45 + 1072
-2
1350 1.28 + 10
2000 9.2 - 1073 3.69 - 1072 1.75 « 107
2000 1.06 - 1072
2000 1.25 . 1072
2000 1.44 - 1072
2000 1.57 - 1072
2000 1.75 - 1072
2700 1.32 - 1072
) -}
3000 1.62 + 1072
3000 1.78 - 10
-2
4000 1.06 - 10
4000 1.5 . 1072
4000 1.57 . 1072
6000 1.06 *+ 1072
8000 5.6 - 1073
8000 6.72 - 1073 2.57 . 1072 1.16 * 107"
8000 8.9 - 107°
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Fig. 6: Energy dependence of the sputtering yield of Fe with H, D aﬁdee; The solid curve is a fit to

the data using the energy dependence of eq. (7). The data for H have been measured using
the Laser fluorescence signal of the sputtered particles. This technique will be

published /34/. The data are calibrated .using the weight  loss method.
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Table 7 Mo
Yields

Energy (eV) D 3He He

150 3 1074 1072

170 5 - 1072
200 15+ 1072,

. -3

250 9.5 + 10

300 9.8 « 10°° 1.8 - 10773 .4 . 1072

500 4.3 - 1074 3.5 « 1073 1.8 - 1072 .6 1072
500 2.8 - 1074 3.55- 1073

670 7.8 - 1074

1000 1.1 « 1073 . 1073 2.7 - 1072 8« 1072
1000 . 1073

2000 2.0 - 1073 g . 1073 3.1 - 1072 2 . 1072
2000 2.2 - 1077 . 1073 9 . 1072
2000 9.3 - 1073

4000 2.1 1073 7.7 - 1073 .9 1072
4000 .65 + 1072
6000 1.8 - 103 2 - 1072
6000 .3 1072
8000 1.7 » 1073 4.8 - 1073 2.5 - 1072 .2 - 1072
9000 .1 1072
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Fig. 7: Energy dependence of the sputtering yield of Mo with H, D, 3He, 4He. Most
of the data have been published in /3/. The solid curves are the best fit
to the data of the energy dependence in eq. (7).
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Table 8 Ni
Energy (eV) H D . 4He Ne o} Ar Ni Kr Xe
75 8.2 .10
80 3.77-10°% 4.18.1072
100 8.4 .10 % 2.4:10"2 1.87-10
120 , ' 2.12-1071
150 b4 1 1.30.1072 8.14-102 4.38-10°1 6.201071 4.5 -0 3.46-107" 2.2 .07 2.077107
150 3.8 <10 1.13°107"
150 : 4.04-10"" 1.28+10°
200 1.107" 5.7 *10°)
200 , 5.02°10 "
250 5.33'10°3 2.58°10°2 1.25:-10°
30 , ’ 6.8 +10°
300 7.4 107"
' : -1 vl
350 1.7 *10 7.56°10
400 8.6 107!
450 1.00
-2 L -1 -1
500 1.13-10 1.16-10 2 10 1.04
500 1.74.107 2.8 +10° .11 ‘
600 9.7 -10°" .33 1.25 1.19 8.9 +107
600 © .40
-2
800 4.18:10
1000 1.36.1072 4.25-1072 1.08+10 " 3.6°10 " 1.72
1000 1.48+10 2 1.44-10"
1000 1.69-1072 2.04°10""
1000 1.5510 2 1.76+10"
1000 ' 1.70-10° "
100 1.67.10° ’
1000 1.80-10°1
2000 . 1.38°10°2 4.02.10°% 1.96+10 "
2000 2.14-107"
3000 1.67 5.8°10°0  2.56 3.02 3.07 3.07
3000 2.45
4000 1222102 3102 1.97°10°"
4000 1.36-10°2 2.08:10"
4000 1.8.107"
5000 - 1.9.107"
8000 8.2210°3 2.28:10°2 1.7310°"
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Table 9 Si
Yielés
Energy (eV) 4He
7 8.7 - 1073
100 2.11 * 1073 1.05 + 1072
200 ) 6.7 * 1072
300 5.59 1073 1.9+ 1072
500 9.7 * 1072
700 8.7 - 107> 1.9 * 1072
800 9.73 + 1072
1000 7.24 + 1073
2000 7.6 * 1073 1.9 - 1072 8.6 * 1072
8000 ‘9,46 + 107
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Fig. 9: Energy dependence of the sputtering yield of Si with H, D, 4He. The solid curves
are a fit to the data using the energy dependence of eq. (75..The data are
» published in /15/. For sputtering with. D and H, an increase of the sputtering
yield at elevated temperatures (150 to 500° C) due to chemical effects has been

observed and will be published /19/.
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Tabie 10

Ta
Yields
Energy (eV) H D 4He
-3
200 1.9 - 10
200 2.9 . 107°
300 4.9 + 1073
500 2.45 » 1074 9.1, 107>
600 4.9 - 1074
1000 1.76 + 1073 1.54 + 1072
2000 6.1 - 1074
2000 6.8 - 10°¢
3000 9.7 - 107% 2.4 - 1072
-3
4000 1.14 * 10
4000 1.52 * 1073
6000 6.4 - 1073 2.7 - 1072
6000 2.8. » 1072
8000 1.77 + 1073 6.6 * 107" 2.35 » 1072
8000 3,05 + 1072
8000 3.25 » 1072
8000 3,8 - 1072
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Energy dependence of the sputtering yield of Ta with H, D and 4He. The data for

H and D have been measured partly with a collector technique, partly at 400° ¢
as described in the experimental part. The solid curves are a fit to the data
using the energy dependence of eq. (7).

The data are published in /15/.
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Table 11
Yields
Energy (eV) H 4He
150 1.3 + 1072
-2
200 1.7 * 10
300 1.7 . 1073
-2
500 3.75 - 10
500 3.0 - 1072
-2
1000 6.9 - 10
1000 6.5 + 102
-3
2000 3.3 - 10
3000 6.7 - 1072
’ -2
4000 6.5 - 10
6000 1.5 + 1073 4.0 * 1072
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Fig. 11: Energy dependence of the sputtering yield of Ti with H and
have been obtained using the collector technique described in the experimental
part. The solid curves for é and 4He are fits to the data using the energy
dependence of eq. (7). The curve for D is interpolated'uéing eq. (7).

The data are published in /15,.20/.
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Table 12 v
4

Energy (eV) H He
250 2.53 * 10
500 3.08 * 1073 3.4 - 10°

500 387 - 1073 4.09 * 10”

500 3.9 ¢ 10
1000 6.1 10
2000 4.53 + 1073 8.52 * 10°
2000 4.8 * 1073 9.54 + 10”
2000 4.25 - 1073 1.11 + 107
4000 1,02 . 10”7
4000 1.12 * 10
8000 7.62 + 10
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range no 1nfluence on gas trapping has been found for H. For He, there is no
change of the sputtering yleld measured at room temperature compared to 560° c.
The solid curves for H and He are fits to the data u51ng the energy dependence
of eq. (7).

The data are unpublished /21/.
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Table 13 W
Yields
Energies (eV) H D 4}19 o Ne Ar Kr Xe
150 4.5 -107% 8.6 o102 2.2.100 1.42.1070 1190107
150 : 1.2:10""
200 1.16+10"2
250 1.52-10°% 3.81.1073
300 4.0 +1073 1.57-10°2
-
350 3.12°10
400 2.14:10°2
500 7.05.10"% 8.89-1073 3.46-1072
-2
550 3.43-10
-2 - - e o
600 3.74-102 2.72.10"1 5.5-1077  7.88°10° '  7.05°10
650 4.58 . 1072
650 1.0 . 107"
700 1.09-1074 1.22.10° %
1000 3.26.10"% 2.12:10°3 2.32.10°2 2.0 107
1000 2.0 .10
-4 -3 2
2000 9.48-10"% 4.6 .10 2.89.10
3000 4.06-10°" 7.47.10° " 1.46 1.89 2.16
3000 1.53
4000 1.87-1073 6.37-10°3 3.38-10 2
4000 2.09.10"3
8000 2.06-10"3 6.39-107° 4.3 1072
15000 4.7 -1073
20000 3.7 .10°2
30000 4.15-1073
-3
50000 2.4 +10
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Fig. 13a: Energy dependence of the sputtering yield of W with H, D, He and O. The

solid curves are a fit to the data using the energy dependence of eq. (7)
for energies below the maximum of the sputtering yield. The data for H,

D and He are published in /15/.

The dashed curves indicate.an additional sputtering mechanism at low
energies for O sputteriné and for sputtering with H, D and He in a

background pressure of 8- 10.»5

Torrvoz. This mechanism might be due. to
sputtering of tungsten oxide molecules with lower surface binding .energy
than tungsten atoms. Taking the energy dependence of eq. (7) a binding

energy of about 0.3 eV can be deduced.
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Fig. 13b: Energf dependence of the sputtering yield of W with Ne, Ar, Kr and Xe.
For comparison values-taken from /22, 23/ are included. The solid curves
are a fit to the data using the energy dependence of eq. (7).
These data as well as the data for O are unpublished /24/.
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Table 14 2r
Yields

‘Energy (eV) H He

200 7.8 * 10~

500 2.75 * 10
2000 4.43 * 10~
3000 8.05 - 1074

3000 7.0 - 1074

6000 2.9 . 10”7
6000 3.9 -+ 10°
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Energy dependence of the sputtering yield of Zr with H and He. The solid curve

for He is a fit to the data using the energy dependence of eq. (7). The inter-
polation to D and H has been done by comparison with the results of ZrC. This
procedure has been described in /15/. . o

The sputtering yield for H has been measured using the collector method and is
published in /25/. The He data are unpublished /26/.
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Table .15 A1,0
Yields

Energy {(eV) H D He

100 1a- 1073 2.4 . 1072

170 s . 163

200 3.7 .« 1073 2 - 1072
250 1.95 - 1072 2.7 - 1072

300 2.3 - 1072

400 1.45 - 1072

500 1.9 - 1072 9.4 - 1072
900 1.62 -,1of1
1000 2.03 - 1072 3.89 - 102

2000 1.65 + 1072 4.7 1072 2.22 - 1072
4000 1.13 + 1072 2.86 - 1072 1.58 - 107
6000 1.21 - 107"
000 4.9 - 1073 1.4 - 10 8.0 - 1072
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Energy dependence of the sputtering yield of Al.0, with H, D and 4He.'The solid

273
curves for H and D are the curves obtained using eq.

(7) for pure aluminium metal.

This curves lead to a surface binding energy of about 3.5 eV. The curve for He is
a fit to the data using eq.

(7) at energies below the maximum of the sputtering

yield. The surface binding energy obtained is about 8.5 eV, which is character-
istic for Al,0

The data will be published in /12/.

273
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Table 16 ch
Yields
Energy (eV) H D He
- -2
100 8.3 - 1073 2.9 . 10
100 1.2 1072
200 1.45 + 1072 3.68 -+ 1072
200 3.61 - 1072
250 1.11 - 107
330 1.67 + 1072
330 1.87 + 1072
500 2.83 + 1072 1.34 + 107
500 3.24 » 1072
530 1.51 - 1072
. a2
670 1.13 * 10
-2 L2 Lo
1000 1.1 - 10 2.13 * 10 1.32 * 10
-2
1500 1.03 + 10
-3 -2 .
2000 8.71 + 10 2.04 - 10 1.1 10
2000 9.58 . 1073 '
-3 -2 . g
4000 5.17 - 10 1.21 + 10 6.8 * 10
4000 3.7 - 1073
8000 7.5 10
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Fig. 16: Energy dependence of the sputtering yield of B4C with H, D and 4He. The solid

curves are fits to the experimental points using the energy dependence of eq. (7).

The data are published in /27/ and /15/.
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Table 17

BeO

Yields

He

60

80

150

180-

300

350

500

750

1000

1250

1500

2660

4000

4500

.83

1.34

2.08 °

10°

10

10

5.27 -

1.72 -

10

10

-3

1.53

1.57 -

1.43

10

10

10~

107

-1

10
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Energy dependence of the sputtering yield of BeO with H, D and He. The scolid curves

are fits to the data using the energy dependence of eq. (7). From these curves an

effective surface binding energy EB ~ 6 eV can be obtained which compares to ~ 5 eV

from the JANAF tables /38/. The open data points for D are taken from /43/. The data
are published in /13/.
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Table 18 Inconel & Nicrofer
Yields

Energy (eV) H D He

70 2.19 » 1073

100 5.2 - 1074 5.66 + 1073

150 1.48 + 1073 1.16 * 1072 8.2 + 1072
250 4.87 + 1073 1.87 - 1072 1.08 + 107"
400 1.35 * 107"
500 9.16 + 1073 2.95 + 1072

500 2.84 + 1072

750 1.78 + 107}
1000 1.13 - 1072 3.83 + 1072

1500 1.1 - 107"
2000 1.46 * 1072 3.43 + 1072 1.75 + 107"
2000 1.1 1072 3.99 - 1072 1.83 '~1of1
2000 1.27 + 1072

4000 1.2 1072 2.97 « 1072 1.91 + 107}
4000 1.18 . 1072 3.55 - 1072 1.67 - 1071
6000 1.9 - 107!
6000 1.7 - 107
6000 1.38 "+ 107"
8000 4,66 . 1073 2.27 » 1072 1.28 * 107)
8000 6.17 + 1073
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Fig. 18: Energy dependence of ‘the sputtering yield of Ni based alloys with H, D and 4He.
§olid points are for Inconel, open points of Nicrofer. The solid curves are fits
to the data using the energy dependence of eq. (7) for energies below the maximum.

These results are published in /16/.
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Table 19 SAP
. ‘Yields
Energy (eV) H He
250 1.15 * 1072 1.82 * 1072
300 1.78 * 107]
500 1.5 « 1072 4.4 - 1072 2.0 - 10°
1000 1.2 - 1072 4.1 1072 2.21 - 107
1300 3.9 1072
a2 -2 -1
2000 1.18 * 10 3.34 ° 10 2.01 » 10
2000 1.22 * 1072 3.77 * 1072
2000 3.26 + 1072
-2
2600 2.7 10
L a3 -2 -1
4000 8.46 * 10 3.38 * 10 1.17 - 10
4000 1,65 + 107"
8000 8.75 + 10°° 1.12 + 1072 8.5 . 1072
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Fig. 19: Energy dependence of the sputtering yield of SAP (sintered aluminium powder) with

H, D and 'He.
.. dependence of eq. (7) for energies below the maximum.

The solid curves are curves taken from pure Al metal using the energy

The data will be published in /12/.
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- Table 20

Sic

Yields
Energy (eV) H D He
100 3.07 *+ 1073 1.27 - 1072
120 1.56 * 1072
250 7.0 . 1073 2.3 . 1072 9.5 * 1072
500 1.27 + 1072 3.0 - 1072 1.26 - 107"
-2 -1
1000 2.79 - 10 1.25 * 10
1200 1.4 - 107"
-2
1500 1.19 - 10
-2 -1.
2000 2.58 - 10 1.37 + 10
4000 4.86 © 1073 2.12 - 1072 1.05 + 107"
-3 -2
8000 6.44 - 10 5.7 - 10
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Fig. 20: Energy dependence of the sputtering yield of SiC with H, D and 4He. The solid

curves are fits to the data using the energy dependence of eq.‘(7) for energies
below the maximum.

The data are published in /27 and /15/.
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Table 21 SiO2

Yields

Energy (eV)

60

100

250

300

500

1000

2000

4000

8000

2.28

10

10

10

10°

10”7

10

10

1072

10

10

10”7

1.12

1.48

1.50

10~
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Energy dependence of the sputtering yield of 5102 with H, D and 4He. The curves are
fits to the experimental points ‘using the energy dependence of eq. (7) at energies
below the maximum. The lower threshold energy for H and D compared to He might be
due to reduction of the SiO, surface to pure Si metal, thus reducing the surface
binding energy /28/.

The data are unpublished /28/.
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8000

Table 22 SS
Yields
Energy (eV) H He
-3
100 3.35 + 10
150 7.85 10“3 6.95 + 1072
150 4.84 * 1072
L .3
200 2.73 + 10
250 7.09 . 1072
. 300 3.64 * 1073 1.72 = 1072
330 4.72 + 1073
350 5.05 + 1073
400 5.5 - 1073
500 8.67 - 1073 1.98 - 1072 9.3 . 1072
500 2.53 - 1072 7.25 + 1072
500 9.29 + 1072
670 6.57 + 1073
1000 9.77 + 1073 2.60 + 1072 8.5 * 107°
1000 1.25 + 107]
. . -3 -2 -1
2000 8.02 * 10 2.66 « 10 1.59 +- 10
2000 9.16 * 1073 2.9 1072 1.23 + 107"
2000 9.26 + 1072 2.15 - 1072 1.55 - 107]
3000 9.45 - 1073 2.13 . 1072 .
3000 8.8 - 1073 2.89 - 1072
4000 7.83 + 1073 2.18 + 1072 1.33 + 107"
4000 1.4 - 107"
6000 5.3 . 1073 1.55 * 1072
6000 4.69 - 1073 1.33 © 1072
8000 1.60 . 1073 8.7 * 1072
8000 8.03 + 1072
9.0 - 1072
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Fig. 22: Energy dependence of the sputtering yield of SS (SS 316, SS 304) with H, D and 4He.

The curves are fits to the data using the energy dependence of eq.(7) for energies
below the maximum. Older data from /1/ with weight loss less than 10 /ug have been
omitted.

The data are published in /1, 16/.
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Table 23 TaC

_ Yields
Energy (eV) H D
L .-4
400 - 5.06 * 10
500 . 1.12 * 1073 9.42
_4 -
1000 : 4.12 * 10 4.12 * 10 3.25
1000 ' 3.78 + 1073
-3 . -3
2000 1.75 + 10 8.39 * 10 3.63
2000 , 3.32
3000 , 1.9+ 1073 8.9 - 1073
4000 2.49 + 1073
4000 . 3.19 * 1673
o -3
5000 1.75 * 10725 ' 6.55 + 10
6000 ' 5.6
8000 2.12 + 1073 6.48 - 1073

8000 7.34 * 10~ 5.6
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Fig. 23: Energy dependence of the sputtering yieid of TaC with H, D and 4He. The curves

are best fits to the experimental points using the energy dependence of eq. (7)
at energies below the maximum.
The data are mostly published in /15/.
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Table 2% Taéo
‘ Y.ie 1ds

Energy (eV) H He

500 2.18 + 1073 3.37 * 10°
1000 7.48 - 1074 4.61 + 10
1200 1.12 + 1072

2000 1.3 + 1072 7.45 * 10”
4000 4.7 * 1073 1.76 - 1072 8.55 + 107
8000 4.92 - 1073 1.62 * 1072 9,62 - 107
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Fig. 24: Energy distribution of the sputterihg yield of Tazo5 with H, D and 4He. The sputtering
yleld was measured on anodic oxidised films on TaZO5 using the weight loss method /29/
(full point) and RBS /30/ (open points). The solid curves are fits to the experimental

points using the energy dependence of eq. (7) at energies below the maximum.
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TiC

Yields
Energy (eV) D He
120 3.15 * 103
200 4.14 * 1073 2.84 * 1072
-3 =2
250 1.85 « 10 5.01 * 10
-2
350 1.30 + 10
500 5.75 * 1073 1.52 « 1072 5.40 ° 1072
-2
600 1.57 * 10
1000 6.32 - 1073 6.81 1072
- -2 - :
2000 6.82 * 1073 1.68 . 10 8.0 * 1072,
4000 7.6 - 1073 1.92 . 1072 7.24 » 1072
8000 1.43 - 1072 6.06 + 1072
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Fig. 25: Energy dependence of the sputtering yield of TiC with'H, D -and 4He. The solid curves

are fits to the data using the energy dependence of eq. (7) at energies below the
maximum. :

The data are published in /27, 15/.
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Table 26
we
Yields
Energy (eV) D He
250 4.0 - 108 6.8 - 1073
500 2.2 - 1073
1000 g.1 - 1074 4.8 - 1073 3.68 + 1072
2000 2.31 * 1073 1 - 1072
4000 5 - 1073 1.71 * 1072
8000 5.55 « 107° 1.62 * 102 7.0 * 1072
-2
15000 1.6 * 10
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Fig. 26: Energy dependence of the sputtering yield of WC with H, D and He. The solid curves
are fits to the experimental points using the energy dependence of eq. (7).
The data are published in /15/.
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Table 27 zrc
Yields

Energy (eV) H ) D

120 3.94 * 107

150

250 1.96 - 1074 ©1.05 -+ 10”

500 6.6 - 101 2.63 + 10°
1000 1.05 - 1073 6.3 - 10°
2000 1.94 + 1073 7.9 - 10
4000 . 1.16 + 1073 5.44 * 10

8000 3.27 * 10
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Energy dependence of the sputtering yield of ZrC with H, D and 4He. The solid curves

are fits to the experimental data using the energy dependence of eq. (7) for energies

"below the maximum. Most of the data have been taken evaluating weight losses of less

than 20 /ug.'The error introduced by + 2 /ug is indicated by error bars.
The data are unpublished /31/.
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2.) Angular dependence of the sputtering yield

The data for the angular dependence of the sputtering yield are given for the

following ion target combinations and energies:

Table 28: Angular dependence of the sputtering yield

H D . He ions
1 2 .4 8 1 2 4 8 4 8 energy (keV)
Au X X X
Mo . X X X X X X X
" Ni, x X x x x x x x

Taé b.4

The results are presented in figs. 28 - 32 and Tables 29 - 33.
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Table 29 Au
Yields
H D

Angle of 1 4 1 kev
incidence v

o° 7.13 + 1073 1.6 . 1072 3.02 - 1072
15° 7.28 . 1073 3.0 - 1072
30° 8.62 + 1073 4.03 + 1072
45° 1.15 . 1072 2.36 + 1072 4.35 . 1072
60° 1.17 . 1072 3.6 + 1072 5.33 + 1072
60° 1.22 . 1072 5.74 + 1072
70° 1.62 + 1072 4.78 . 1072 7.10 * 1072
75° 1.75 . 1072 5.68 + 1072 7.94 - 1072
8o° 1.89 * 1072 6.18 = 1072 8.76 . 102
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Fig. 28: Sputtering yield for Au with H and D as function of the angle of incidence.
The yields are normalised to the value at 0o° incidence. The broken curve in-
dicates a 1/cos-dependence.

The data will be published /36 /.
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Table 30 Mo
'Yie lds -
H He

?2gilge:£e 2 4 8 2 8 4 8 kev
0° 2.2 +1073 2.1‘-10'3 1.7 «1073 9.3 1073 4.8 1073 5.65-1072 478'16—2
30° 3.87°10°3 1.37°1072 9.3 -1072

45° 4.78.10"3 1.89° 1072 1.1 107"

60° 8.95+10"3 1.13-1072 2.99'19‘2 1.53°107"
"70° 1.55°1072  1.84°107% 1.56°1072 4.69°10"2  4.52107% 2.4 107" 2.427‘10'1
75° 2.07° 1072 2.57-1072 5.75°10" 2 2.64°10""

80° 2.47+10"" 3.3971072 7.37-1072 3.84'10'1

85° 2.25-1072 3.45-1072 6.79 . 10°
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Fig. 29: Sputtering yield for Mo with H, D and 4He as function of the angle of incidence.
The yields are normalized to the value at 0° incidence. The broken curve indicates
a 1/c¢os-dependence.
The data will be published in /36/.
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Table 31 ONi
Yields

H D He
angle of
incidence 1 4 8 1 4 8 4 8
° 1551072 1.22:1072  8.22:1070  4.25:10°2  3°107% 2.28-10 2 1.97.107"  1.73°107"
15° 1.93°107%  1.50°10°2
20° 2237102 1.7 1072 2.33°10"
30° 2.39°102 2.0 -1072 2.9610
ac® 3.17°10°%  2.96°10 2 3.07°10""
4° 2.71°10°2
45° 3.27°10°%  2.87-10 2 8.55+10 2 3.484107"
60° 4.56.1072  4.71°1072 1.16410" 4.52.10""
60° 5.2 102 4.58°1072 3.62°10°
7° 6.79-102 6.89°102 4.56*10 2  1.66-10 ' 1.67-10° " 1.38-10 " 5.08°10° " 5.39°10 "
2% 7.58°102  8.57°10 2 6.41°10" "
75° 8.25.1072  9.29-10 2 1.96:10"" 8.11°10""
8c°® 1.01.10° " 1.25-107"  8.77°10°%  2.76+10°
8c° 9.7 *107%  1.43°10°" 8.22°10""
8o° 1.03-10""
8s° 6.35°1072  1.43-10" 1.58-107" 7.69-10 "
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Sputtering yield for Ni with H, D and 4He as function of the angle of incidence.

The yields are normalised to the value at 0° incidence. The broken curve indicates
a 1/cos-dependence. v
The data will be published in /36/and /32 /.



Table

32

s - 70 -

Yields

Angle of

incidence 4 keV H

o® 2.09 * 10°
60° 9.61 * 10
80° 3.26 * 10
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Fig. 31; Sputtering &ield of W for 4 keV H for different angles of incidence.

The yields are normalized to the. value of 0° incidence. The broken
curve indicates a 1/cos-dependence.
The data will be published in /32/.
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Table 33 . " rac
Yields
Angle of
incidence 4 keV H
o° 3.19 * 107°
60° 7.14 . 1073
80° 2.04 * 1072
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Fig., 32: Sputtering yield of TaC with 4 keV H for different angles of incidence.
The yields are normalized to the value at 0° incidence. The broken curve
indicates a 1/cos-dependence. '

The data are unpublished /33/.




3.) Angular distribution of sputtered particles
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For Ni, W, and TaC angular distributions of the sputtered particles have been

measured. Ni, W and Ta have been analyzed by ﬁutherford backscattering on the

collector. For the analysis of C the 12C(d,p)nc reaction has been used. Due

to a carbon contamination of the collector foils

the data for C show larger

scattering and have to be considéred as preliminary.

Table 34 shows the .ion-target combinations, the energies and angles of

incidence.
Table 34 Angular distribution of sputtered particles.
He “ions
1 4 4 kev
o] 20 40 60 70 80 o] 20 40 60 70 80 40 60 80

Ni  x  x X X x X x x X X X X x X %
W X X X
TaC X X X
The results are presented in Figs. 33 - 39.
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Angular distribution of sputtered Ni atoms for 3 keV Hé+ and different angles of

incidence. The data have been calibrated with the weight loss method for normal
incidence assuming rotational symmetry around the target normal.
The results will be published in /32/.
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Angular distribution of sputtered Ni atoms for 8 keV H2+ and different
angles of incidence. The data have been calibrated with the weight loss
method for normal incidence assuming rotational symmetry around the target
normal.

The results will be published in /32/.
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Fig. 35: Angular distribution of sputteréd Ni atoms for 4 keV He+ and different angles of
incidence. 'The data have been calibrated with the weight loss method for normal

incidence assuming rotational symmetry around the target normal.

The results will be published in /32/.
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Fig. 36:. Angular distribution of sputtered W atoms for 8 keV H2+ and different angles of
incidence. The data have been calibrated with the weight loss method for normal
incidence assuming rotational symmetry around the target normal.

The results will be published in /32/. h
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Angular distribution of sputtered Ta and C atoms from TaC for 8 keV H2+ at 0° in-
cidence. The data are normalized. The atoms have been collected on an Al-foil and
analyzed with 1.2 MeV D+ using -RBS in the case of Ta and the 12C(d,p)13c nuclear
reaction. The scatter in ﬁhe C ‘data is mostly due to the carbon background in the
Al foll. The data and the method will be published in ./33/.
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Angular distribution of sputtered Ta and C atoms from TaC for 8 keV H, at 60°
e atoms have been collected on an Al-foil and

incidence. The data are normalized. Th
12C(d,p)13C nuclear

analyzed with 1.2 MeV D+ using RBS in the case of Ta and the

reaction. The scatter in the C data is mostly due.to the carbon background in the

Al foil.
The data and the method will be published in /33/.
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Fig. 39%9: Angular distribution of spiuttered Ta and C atoms from TaC for 8 keV.Hz+ at incidence.
The data are normalized. The atoms have been collected on an Al-foil and analyzed
with 1.2 Mev D' using RBS in the case of Ta and the 12C(d,p)13c nuclear reaction.

The scatter in the C data is mostly due to the carbon background in the Al foil.
The data and the method will bepublished in /33/.
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Discussion

In this report, which should mainly give the data obtained during four years
) of measurement on light ion sputtering, only a short derivation of an universal
formula for sputtering will be given. More detailed discussion of the data will
be found in the literature on the energy dependence of sputtering near the
threshold energy /3, 35/ and on the mechanism of sputtering at grazing angles of

incidence /32, 36/.

It has been found /3, 35/ that the energy dependence of the sputtering yield

with light ions for normal incidence can be written as

Y = Q(M»ll le EB) f(El) (3)

The energy dependence of the sputtering yield is contained in the function

£(E') with E' = E. . The fitting factor Q is independent of energy and depends

B
th
only on the atomic masses of the target and projectile and on the surface binding

ene‘
rgy EB .

Using the two fitting parameters Q and Eth’ all yield data can be plotted
on one single curve (fig. 40). The agreement of over 250 data point is striking

and as a good approximation for E' up to 20 the function

3 1/4 7/2

£(E') = 8.5 - 1073 E° (1 - %.). (4)

can be used.

The fitting factors also show single analytic behaviour. In fig. 41 Eth/EB
is plotted against the mass ratio M.‘/M2 Up to a mean ratio of O.4,Eth can be

expressed as

E
B . (5)

Yy (1-v)

tz
t

th ~

with Y - 4 M,‘M2
= —=, .
(M1+M2)

This formula has been proposed for the threshold energy for sputtering for light
ions and low energies /35, 37/. More detailed calculation by Harrison /41/ for
the threshold energy using a binary collision model are also introduced in fig. 41

and show again that the fitting factor E can indeed be understood as the threshold

th

energy for sputtering. The rather low values for C indicate, that EB taken from



tables for the sublimation energy /38/ is too high. A lower bindinglenergy seems
to be reasonable as the ion bombardment destroys the crystalline'structure and
creates an amorphous surface layer /39/. Table 34 gives the values for Eth for

the elements.

The factor Q/M2 is plotted in fig. 42 against vy . It can be seen, that a fair
approximation to Q can be made by the formula

5/3

Q =0,75 My Y (6)

Combining (3), (4) and (6) we get an universal function for the sputtering
yield of lightvions at low energies.

-3 5/3

v g4 - 172 (7)

E!
This formula together with the simple expression for the threshold energy (5)
should describe the sputtering yield for mass ratio MI/MZ <0.4 and 1 <E' <20

within a factor of 2.

A more detailed discussion of the sputtering yield at norxmal incidence will

be given in /35/.

To determine the wall erosion due to sputtering in fusion reactor devices,
where the bombarding particles impinge with an energy distribution rather than
monoenergetically, eq. (7) can be integrated for the energy distriéution. Using a Maxwellian
velocity distribution for the velocity component perpendicular to the wall, eq. (7)
has been integrated and is plotted in fig. 43 (insert in back cover). It can be
seen that the sputtering yield is increased to low energies and no threshold occurs.
Using fig. 43, all given curves can be transferred to the sputtering yield curves
for particles with Maxwellian energy distributions. The derivation of the sputter-
ing yield curve for Maxwellian particle energy distribution is described in detail

in /42/.

From the data for obligue incidence it may be seen that, generally, the
normalized yield at the maximum Y(ﬂ9max)/Y(O°) is increasing with increasing sur-
face binding energy of the target material /38/ and is the higher the lighter the
primary ion. Furthermore, a series of measurements at 6 = 70O indicates that
Y(,&nax)/ wo°) is iﬁcreasing with increasing ion energy in the energy region investig-
ated, except for nickel between 4 keV and 8 keV, where a constant level seems to be

reached.
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TABLE 34 Threshold energy in eV
fon H D He Héu
Target .
Al 53 34 20.5
Au 184 94 60 44
Be 27.5 24 33
c 9.9 11 16
Fe 64 10 35
Mo 164 86 45 39
Ni 47 32.5 20
Si 24.5 17.5 14
Ta 460 235 100
Ti 43.5 22
v 76 27
W 400 175 100
Zr 60
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According to the Sigmund theory of heavy-ion sputtering /40/ the dependence
of the sputtering yield on angle of incidence is given by 1/cos§3 up to about the
~maximum in the field (i.e. A9ﬁ6oo) and with 1 <'f < 2. It has been shown, however,
that the Sigmund theory cannot be extrapolated to low-energy, light-ion sputter-
ing, the‘theoretical yields being from one to several orders of magnitude too high
for energies of < 10 keV /3/. In an atomistic model of sputtering the sputtering

yield has been split into two components /36/
v(E, ) = v (B, &) + v (B ) (8)

where Y, and Y , are the sputtering yields from two different sputtering mechanisms I
and II (Fig. 44). Mechanism I is the sputtering caused by the interadction of the
incoming ion with the target atoms at the surface. Mechanism II is sputtering
initiated by primary ions which are reflected in the interior of the target, and
which on their way out agein suffer a heavy collision near the surface, causiﬁg
ejection of a surface atom. In a simple model assuming binary collisions it can

be .shown that a stronger enhancement over a 1/cosd‘-dependence of the sputtering
yield for higher surface binding energies occurs in agreement with the experimental

finding. For a detailed derivation it is referred here to ref. /36/.

The large-increase in sputtering yield over the 1/0052} dependence at grazing
angles of incidence is due to sputtering events in direct collisions as shown in
mechanism I. From binary collision calculation it can easily be shown, that for
the emitted particles only angles of 6 within a well defined cone are possible.
Tﬂe transferred energy in a binary collision must be larger than the surface
binding eﬁergy. Assuming a planar surface potential minimum and méximum angles of
ejection can be calculated. The exact value of the maximum angle of emergence
might additionally be restricted by surface scattering of the ejected particles.
The large enhancement of the sputtering yield measured at grazing angles of inci-
dence due to mechanism I must therefore be observed in an anisotropic cone in
forward direction, whereas the isotropic part due to mechanism II should remain
upchanged. This expected behaviour is well reproduced in the actual data (Fig. 33-39),

A more detailed examination of the distribution will be given in ref. /32/.
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Conclusion

The data on sputtering of materials with light ions gathered in the years
1974 to 1978 are presented. The choice of materials has been made in most cases
by their relevance in fusion technology. As new materials will become inter-
esting, further erosion data will be needed. In the near future especially low-2

coatings will be examined.

For normal incidence the data show a strong similarity for all materials.
Most important is the threshold energy for sputtering, which can be estimated by
simple arguments (eq. (5)). For the energy dependence of the sputtering yield

between Eth and 20 X E h an empirical formula can be given (eq. (7)).

t
The model for sputtering near the threshold energy with light ions includes
the reflection of the primary particle and subsequent sputtering of a surface
atom. For oblique angle of incidence an additional mechanism becomes possible.
The projectile ions can directly knock out a target atom (see fig. 42, mech. I).
This mechanism is demonstrated for grazing angle of incidencef} as a strong in-
crease of the sputtering yield over the 1/cos£} dependence especially at high
.surface binding energies as well as in a very anisotropic distribution of

sputtered particles in a narrow cone at forward direction.
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