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Abstract

This report shows the results of an thorough investigation
about the ability of the Monte-Carlo Program TRIM SP to

give data on sputtering. The results show the importance

of different processes leading to sputtering, they are compared
with predictions of transport theory /1/, they are compared
with experimental data and they give details of angular and
energy distributions of sputtered particles. Many of the
calculated data are given in two papers /2, 3/. The program

is described in /2/.




Input parameters

Input parameters to the program are the following:

Zyr M, charge and mass of the incident particle
ZZ’ M, charge and mass of the target atom

p density of the target material
EO energy of the incident particle
o - angle of incidence
EB binding energy of an atom in the bulk

(always taken as zero if not stated otherwise)

ES surface binding energv of a target atom at

the surface (heat of sublimation) from /4/

interaction potential (Kr-C potential /5/ for all collisions

if not stated otherwise |

inelastic energy loss (equipartition of Lindhard-Scharff /6/
and Oen-Robinson /7/ for all particles
heavier than He, and Andersen-Ziegler /8/ for
H, and Ziegler /8/ for He, if not stated

otherwise).

All these input parameters are taken from tables and publi-

cations and no fitting to experimental data has been done.

For the calculation of the data the TRIM sputtering version
TRSPCR1 was used. This version neglects additional scattering
with more distant atoms especially at low energy and under-
estimates surface scattering. This leads to sputtering yields
which are larger (30 % for Ne - Ni, 5% for H -+ Ni) than those
calculated with the new corrected version TRSPI1C (see the
discussion in /2/). Other small deviations arise in the
angular distributions at grazing exit angles and for heavy

particles at low energies.



Calculated data

Y; total sputtering yield

Y sputtered energy

Ef

Number of sputtered particles for four sputtering processes
1) Ion in, PKA; 2) Ion in, SKA; 3) Ion out, PKA and
4) Ion out, SKA,

Number of sputtered particles (all sputtered particles and
PKA's alone) versus the energy, E, of the sputtered

particles and the polar exit angle, B8, in form of a matrix.

Number of sputtered particles (all sputtered particles and
PKA's alone) versus the polar exit angle,B, and the

azimuthal exit angle, ¢ (= © ), in form of a matrix.

Number of sputtered particles versus the exit energy, E, and
the polar exit angle, 8, in an azimuthal exit-angle range,

Ap = 150, again in form of a matrix.

Number of sputtered particles (all sputtered particles and
PKA's alone ) versus the exit energy, E, and the depth of

origin, in form of a matrix.

In addition the program gives some data on reflection:

Particle (RN) and energy (RE) reflection coefficients,

Number of backscattered particles versus the exit angle, E,

and the polar exit-angle, B, in form of a matrix. Number

of backscattered particles versus the azimuthal exit angle, ¢ (= ¥ )

and the polar exit-angle, B, in form of a matrix.

The program gives also some data on particle and energy de-
position in the solid:

Depth distribution of implanted particles and the first
four mcments.

Total pathlength distribution of implanted particles.

Depth distribution of energy lost in elastic as well as in

inelastic collisions.




The energy resolution is in most cases 1 eV, the angular
resolution in B as well as ¢ is 3°. The depth resolutiou for

the depth or origin of the sputtered particles is given in R,
the resolution for the depth distribution of implanted particles
larger or equal than 1 R, depending on the maximum penetratiion
depth.

Further calculated data and comparisons with experimental

data are given in /11-16/.

Results

Here only a collection of the calculated sputtering data are

given. For a discussion of the results see /2/ and /17/.
Fig. 1 Range .of target atoms

Fig. 2-3 Sputtering yield versus incident energy:
dependence on interaction potential and inelastic

energy 1loss.

Fig. 4-17 Contribution of different processes to the sputter-
ing yield for several incident ions on Ni: dependence

on incident energy and angle.

Fig. 18 Dependence of the sputtering yield on the surface

binding energqgy.

Fig. 19 Dependence of the sputtering yield on the bulk

binding energy.

Fig.20-21 Comparison of the sputtering yield versus incident

energy and angle with experimental data.

Fig. 22-23 Total angular distributions for normal and non-

normal incidence.
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Contour line plots of the angular distributions
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binary collision for a planar and a scalar

potential.
Comparison of the computer simulation results
with the analytical formulae for the sputtering

in one binary collision: Angular distributions.

Total energy distributions for non-normal

incidence.

Energy distributions in different emission

directions for non-normal incidence.
Comparison of computer simulation results with
the analytical formulae for the sputtering in
one binary collision: Energy distributions.

Escape depth of sputtered particles.

Definition of angles.




Sputtering in one binary collision /17/

a) Angular distributions

The occurrence of the ridge in the angular distribution is
shown to be due to PKA in fig. 28. In addition it cau Le
demonstrated that the ridge is mainly due to sputtering in
one binary collision. From fig. 61 the polar exit angle B

after refraction (planar surface potential) is found to be

EII’
2
t9 8= 5
(1)
with B =T sin2B'
E, =T coszﬂ‘-E

S

where T is the transferred energy in a binary collision and
' is the emission angle before refraction.

The transferred energy is

_ 2
T =y EO Ccos °Rr
4M1M2
where Y = —
+
(MT M2}

The recoil angle SR can be determined from fig. 60

cos&R = sina sinB' cos¢ - cosa cosB' (2)

From these relations the polar exit angle £ is calculated by

tg2B _ Alsina sinB' cos¢ - cosa cosB‘]zsinzﬁ' (3)
A[lsina sinB' cos¢ - cosa COSB']ZCOSZB'—1
with A = YEO/ES
Due to the limitation of B' caused by a maximum recoil
angle, SR = 900, 8 must have a minimum value, Bmin'
Differentiation leads to the following transzendental equation

for B! .
min
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Putting Bmin into equation (3) gives Bmin' An example of B

versus B' is shown in fig. 34. The assumption is made that the
angle Bmin
collision sputtering process, which is justified by taking

occurs with the highest intensity for a binary
the cross section into account /17/.

As seen from fig. 34, B' has a lower and an upper limit,
Ba and Bé. They can be calculated from equation (3) by

putting the denominator in (3) to zero. The result is

-[2Bcosa —sin21 cosz;]+sin1 cos¢[sin2a coszp-48(8+c051}]1/2

00526' =
1.2 2[c0523 + sinzu c082$}
_ (3)
with B = A 1/2
Figure 35 shows B_., , B'., , B! and B! versus the azimuthal
min min 1 2

angle, ¢, for a chosen value of A. The next figures 36-33

show B . versus ¢, a and A.
min

There is an upper limit for the azimuthal angle which is
determined from (5) by putting the square root to zero:

c052¢c _ 4B(B + cosa) (6)

2
Sin o

There is also a lower limit for « and A which follows from

> = 0:
c
cosx_ =1 - 2 B or A = [sin i]_4 (7)
e c 2
The critical value,;c, is shown in fig. 39, 40 versus = and a,

the relation between % and A in fig. 41.

If one assumes a scalar potential (no refraction) there is

also a lower limit for the exit angle: starting from




s o 'R (8)

the exit angle Bmin in this case is determined by (8) and (2)

. 2 .2 2 2 1/2
T -B cosa + sina cosé¢[cos a+sin a cos ¢- BT]
min 5 5 5
cos oat+sin o cos ¢
(9)
The lower limit of Bmin’ E, is determined for 5R = 90° or
B =0
_ sina coOs¢
cosB =
1/2 (10)

[cosza + sinza cosz¢]

Again,as above,for the planar potential the upper limit
for ¢ , ¢, is determined by B , = 90° in (9)

in
with the result

B
b = ) (11)
S1lna
and the lower limit for a, st is found by b = 0
sin o_ = P L (12)

Curves for Bmin' ¢C, Oy determined for several values of

A are shown in fig. 42, 43,

b) Energy distributions

The second peak in the energy distributions in the forward
direction can be related to the sputtering in one binary
collision.,

The energy, E, a particle has after sputtered in a binary

collision is




The emission angle, B, after refraction is given by taking (1)

into account.

thB = (E'+1)Sin2f3' (13)
(E'+1)coszB'—1
where E' = %——
S

The relation between B and E is determined by calculating B8'

from

E T
& (14)

. 2
7 cosoa + sino cosg v/;os a-%sinza c052¢—

2 02 2
COos & + sin a coOs ¢

The curve resulting from (13) and (14) is shown for some

examples in figs. 56-58.

For the case of a scalar surface potential, the relation

between E and B is

E_. [A 0052 S = 1]

E S "R

(15)

= ES [A (sina sinB cos¢ - cosa cosB)2—1]
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Figure Captions

Fig. 1 Sputtered particles per incident particle versus the
depth, X of the starting particle for 100 eV Ni
in Ni.
The fraction of escaping starting particles are given
for two different inelastic energy losses:
LS (+) and OR (x).
The fraction of sputtered SKA are given for the
same two inelastic energy loss models:
LS (o) and OR (e).
Indicated in the figure is also the range parameter R
(and 2 R) applied in TRIM to reduce computer time.
The Kr-C potential was applied for the calculations.

Fig. 2 Ne bombardment of Ni at normal incidence, o = 0°.
Sputtering yield, Y, versus the incident enerqgy, Eo’
for different interatomic potentials and inelastic
energy loss models. Comparison with experimental data (0)/9/.
a) Moliére potential for Ne-Ni, Kr-C potential for
Ni-Ni (solid lines). Moliére potential for both
kinds of collisions (dashed lines).

b) Kr-C potential for both Ne-Ni and Ni-Ni collisions.

Lines drawn to guide the eye.
Fig. 3 H bombardment of Ni at normal incidence, o = 0%

Sputtering yield, Y, versus the incident energy, E

r

o
for different interatomic potentials and inelastic

energy loss models,
a) Moliére potential for H-Ni, Kr-C potential for
Ni-Ni.

b) Kr-C potential for both kinds of collisions.

Lines drawn to guide the eye.
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H bombardment of Ni at normal incidence, o = O .

a)

b)

Lines drawn to guide the eye.

Sputtering yield, Y, and particle reflection co-

efficient, RN’ versus the incident energy, Eo'

Relative contribution of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total

sputtering yield, Y, versus the incident energy, E

D bombardment of Ni at normal incidence, o = 0°.

a) Sputtering yield, Y, and particle reflection co-
efficient, RN’ versus the incident energy, Eg.

b) Relative contribution of primary knock-on atoms,

PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total

sputtering yield, Y, versus the incident energy, E

Lines drawn to guide the eye.

T bombardment of Ni at normal incidence, a — B

a) Sputtering yield, Y, and particle reflection co-
efficient, RN' versus the incident energy, EO.

b) Relative contribution of primary knock-on atoms,

PKA (ion in and ion out), and secondary knock-on
atoms SKA (ion in and ion out), to the total

sputtering yield, Y, versus the incident energy, E

Lines drawn to guide the eye.

3He bombardment of Ni at normal incidence, o = o

a) Sputtering yield, ¥, and particle reflection co-
efficient, RN’ versus the incident energy, Eo.

b) Relative contribution of primary knock-on atoms,

PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total

sputtering yield, Y, versus the incident energy, Ej

Lines drawn to guide the eye.



Fig. 8 Comparison of the sputtering yield, Y, of Ni with T
and 3He versus the incident energy, Eo, for normal
incidence, &= OO.

Lines drawn to guide the eye.

Fig. 9 4He bombardment of Ni at normal incidence,q = 0°.

a) Sputtering yield, Y, and particle reflection co-

efficient, RN' versus the incident energy, EO.

b) Relative contribution of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total
sputtering yield, Y, versus the incident energy, E

Lines drawn to guide the eye.

Fig.10 Ne bombardment of Ni at normal incidence, 4 = 0°.

a) Sputtering yield, Y, and particle reflection co-

efficient, RN' versus the incident energy, EO.

b) Relative contributions of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total
sputtering yield, Y, versus the incident energy, E

Lines drawn to guide the eye.

Fig.11 Ar bombardment of Ni at normal incidence, o = OO.

a) Sputtering yield, Y, and particle reflection co-
efficient, RN' versus the incident energy, EO
In addition, the sputtering yield is shown as
calculated from Sigmund's theory, using FD(x=O) =
= a*S (E ) for both the Moliére and the Kr-C
potential.

b) Relative contributions of primary knock-on atoms,
PKA (ion in and ion out) and secondary knock-on
atoms, SKA (ion in and ion out) to the total
sputtering yield, Y versus the incident energy E .

o
Lines drawn to guide the eye.




Fig.12

Fig.13

Fig.14

Fig.15

Xe bombardment of Ni at normal incidence, ¢ = 0°.

a)

b)

Sputtering yield, Y, versus the incident

enerqgy, Eo'

Relative contributions of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out) to the total

sputtering yield, Y, versus the incident energy, Eo

Lines drawn to guide the eye.

H bombardment of Ni at an incident energy EO = 1 keV:

a)

b)

Sputtering yield, Y, and particle reflection co-

efficient, RN' versus the angle of incidence, a.

Relative contributions of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total
sputtering yield, Y, versus the angle of inci-

dence, a.

Lines drawn to guide the eye.

4He bombardment of Ni at an incident energy, EO = 1 keV

a)

b)

Sputtering yield, Y, and particle reflection co-

efficient, RN’ versus the angle of incidence, q.

Relative contributions of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the sputtering

vield, Y, versus the angle of incidence, «.

Lines drawn to guide the eye.

Ne bombardment of Ni at an incident energy EO = 1 keV:

a)

b)

Sputtering yield, Y, for three different inelastic
energy loss models, and particle reflection coeffi-

cient, RN’ versus angle of incidence, a.

Relative contributions of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total
sputtering yield, Y, versus the angle of incidence,

.

Lines drawn to guide the eye.



Fig.16

Fige«1d/

Fig.18

Fig.19
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Ar bombardment of Ni at an incident energy, EO = 1 keV:

a) Sputtering yield, Y, and particle reflection co-
efficient, RN' versus the angle of incidence, «.

b) Relative contributions of primary knock-on atoms,

PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total
sputtering yield, Y, versus the angle of in-

cidence, «.

Lines drawn to guide the eye.

Xe-bombardment of Ni at an incident energy EO = 1 keV:

a)

b)

a)

b)

Sputtering yield, Y, and particle reflection co-

efficient, RN’ versus the angle of incidence, a.

Relative contributions of primary knock-on atoms,
PKA (ion in and ion out), and secondary knock-on
atoms, SKA (ion in and ion out), to the total
sputtering yield, Y, versus the angle of incidence,

o .

Sputtering yield, Y, versus surface binding
enerqgy, Es’ for 1 keV Ar on Ni at normal incidence.

The dashed line gives ¥ = E_~' /1/.

Sputtering yield, Y, versus surface binding energy,
Es' for 0.08, 0.3 and 2 keV D on C at normal in-
cidence.

The dashed line gives Y « ES_1.

Sputtering yield, Y, versus the normalized ion energy,

E', where E' = E/Eth with E

th defined in /10/ for D

on Ni at normal incidence. The curves show the influence

of various choices of bulk binding energies. The curve

is determined from the semi-empirical formula (7)
from Ref. /10/.




Fig.20

Fig.21

Fig.22

Fig.23

Fig.24

Fig.25

Comparison of experimental /9,10 / and calculated

values of the sputtering yield, Y, versus incident
energy, EO, for H, D, 4He, Ne, Ar and Xe on Ni at

normal incidence.

Lines connect the calculated points and are drawn

to guide the eye.

Comparison of experimental /10/and calculated values
of the sputtering yield, Y, versus the angle of in-
cidence, a, for H on Ni.

a) incident energies from 0.2 keV to 1 keV.

b) incident energies from 4 keV and to 8 keV.

Angular distribution of sputtered particles for

1 keV H bombardment of Ni at normal incidence. The
polar angle distribution is azimuthally symmetric.
The total angular distribution (solid line), a cosine
distribution (circle) and the contribution of primary

knock-ons (dashed line) are shown.

Azimuthal distribution (integrated over polar angles)
of sputtered particles for 1 keV H bombardment of Ni

at an angle of incidence,a = 8" .

Angular distributions in the incident plane of the
sputtered particles (azimuthal angular range

i £ £ 150) for 1 keV H bombardment of Ni at
several angles of incidence. The distributions are

normalized to give the same maximum value.

Angular distributions of sputtered particles in the

)

incident plane (azimuthal angular range o° < ¢ <15
for H bombardment of Ni at an angle of incidence,

a = 800, and for several incident energies E- The
distributions are normalized to give the same maximum

value,



Fig.26

Fig.27

Fig.28

Fig.2:9

Fig. 30

Angular distributions of sputtered particles in the
incident plane (azimuthal angular range o° < ¢ < 150)
for the bombardment of Ni with different incident
particles with an incident energy, Eo = 1 keV, and

an angle of incidence, « = 80°. The distributions

are normalized to give the same maximum value.

Angular distribution of sputtered particles in the
incident plane (azimuthal angular range O < ¢ < 150)
for D bombardment of Ni, Mo and W with an incident
energy, E0 = 4 keV, and an angle of incidence,

« = 80°, The distributions are normalized to give the

same maximum value.

Contour plots (lines of equal intensity: sputtered
atoms per solid angle) of the angular distribution
of sputtered particles for D bombardment of Ni at an
incident energy of 4 keV and an angle of incidence

o
of o = 807,

a) angular distribution of all sputtered particles

b) angular distribution of primary knock-on atoms (PKA)

c) angular distribution of secondary knock-on atoms
(SKA)

Contourplot (lines of equal intensity: sputtered atoms
per solid angle) of the angular distribution of
sputtered particles for D bombardment of Mo at an
incident energy of 4 keV and an angle of incidence

of o = 800.

Contourplot (lines of equal intensity: sputtered atoms
per solid angle) of the angular distribution of
sputtered particles for D bombardmer.t of W at an in-
cident énergy, Eo = 4 keV and an angle of incidence

of a = 80°,




Fig.31

Fig.32

Fidg«33

Fig. 34

Contour plots (lines of equal intensity: sputtered
atoms per solid angle) of the angular distribution
of sputtered particles for Ne bombardment of Ni at
an incident energy of 3 keV and an incident angle,
o = 75°,

a) angular distribution of all sputtered particles

b) angular distribution of primary knock-on atoms
(PKA)

c) angular distribution of secondary knock-on atoms
(SKA) .

Contour plots (lines of equal intensity: sputtered
atoms per solid angle) of the angular distribution of
sputtered particles for 350 eV D bombardment of C at an
incident angle, a = 80°.

a) planar potential, surface binding energy, ES = 7.4
b) without refraction, (scalar potential) surface

binding energy, ES = 7.4 eV,

Angular distributions of sputtered particles in the
incident plane (azimuthal angular range O < ¢ < 150)

for 350 eV D bombardment of C at an incident angle,

o = 800.
- planar potential, surface binding energy,'ES = 7.4 e
-- without refraction, (scalar potential), surface

binding energy, ES = 7.4 eV,

Polar angle B of sputtered particles (after refraction)
versus the starting polar angle B8' (in a binary colli-
sion) in the incident plane ( 4 = 0°) calculated by
formula ( 3).

The example is determined for 4 keV D bombardment of

Ni at an incident angle, o = 80°.



Fig.35

Fig.36

Fig.37

Fig.38

Fig.39

Fig.40

Fig.41

Fig.42

Fig.43

Fig.44

The polar angles B, B', B&in versus the azimuthal

angle, ¢ , calculated by formula (3,5, 10).

The example is determined for 4 keV D bombardment of

Ni at an incident angle, o = 800.

Polar angle, B versus the azimuthal angle, i

min’
for several values of A = yEO/ES and an incident

angle, o = 80°.

Polar angle, B versus the incident angle, a, in

min’
the incident plane ( ¢ = OO) for several values of A
Polar angle, Bmin’ versus the value A in the incident

plane for several values of the incident angle, a.

The critical azimuthal angle, ¢ or Versus the angle

of incidence,a, for several values of A.

The critical azimuthal angle, o' versus the value A

for several angles of incidence, «.

The critical angle of incidence, oy (critical value,
Ac}, versus the value A (angle of incidence, o).

Polar angle, B versus the azimuthal angle, ¢ ,

min’
for several values of A. The curves are calculated

for an incident angle, o = 800, and without refraction.

Critical azimuthal angle, ¢ o’ and critical angle of 1
incidence, @, Vversus the value A. e is determined
for several angles of incidence, a.

Comparison of the polar angle, B with the polar

min’
angle of maximum intensity in the angular distribution
of sputtered particles in the incident plane for
several ion target combinations at an angle of in-

. o
cidence, a = 80".



Fig.45 Angular distributions of sputtered particles in the
incident plane (azimuthal angular range, 0° < < 159)
for different ion target combinations but with the
same value A = YEO/Es = 19.7 and an angle of incidence,
o« = 80°. The distributions are normalized to give the

same maximum value.

Fig.46 Contour plots (lines of equal intensity: sputtered
atoms per solid angle) of the angular distribution
of sputtered particles for 350 eV D bombardment of C
at an incident angle, a = 80°. Inserted is the line

Bmin versus calculated from formula ( )

a) planar potential, ES = 7.4 eV

b) without refraction (scalar potential) ES = 7.4 eV,

Fig.47 Contour plot (lines of equal intensity: sputtered atoms
per solid angle) of the angular distribution of sputtert
particles for 4 keV D bombardment of Ni at an incident

angle, a = 80°

Inserted in the line Bmin versus ¢
calculated from formula ( ) e

Fig.48 Energy distributions of sputtered particles (particles
per eV and incident particle) for 0.35 keV D bombard-
ment of C at an incident angle, o = 80°.

Planar potential: all sputtered particles (—),

and primary knock-on atoms, PKA (---).

Scalar potential (without refraction): all sputtered

particles (---)

Fig.49 Energy distributions of sputtered particles in several
azimuthal directions (integrated over the polar
angle, B). C was bombarded with 0.35 keV D at an
incident angle, a = 800.

Fig.50 Energy distribution of sputtered particles for 3 keV
Ne bombardment of Ni at an incident angle, a = 757,
Shown are the energy distributions of all sputtered
particles (—) and of the PKA (---).



Fig.

Fig.

Fig.

51

52
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Energy distributions of sputtered particles in several
azimuthal directions (integrated over the polar angle,
B8). Ni was bombarded with 3 keV Ne at an incident angle,

a = 75°.

Contour plots (lines of equal intensity: sputtered

atoms per solid angle and energy interval) of the

energy - polar angle distribution of sputtered particles
for different azimuthal angle intervals 350 eV D bom-

o

bardment of C at an incident angle, ¢ = 80 c gives

the intensity step between adjacent contour lines.

a) integrated over the azimuthal angle, 4
b) azimuthal angular range, 0° <¢ < 15°
&) * 15° <¢ < 30°
da) n 30° < < 45°
e) " 45% <4 < 60°
£) n 60° <4 < 75°
g) " 75° <4 < 90°
h) " 90° <5 < 105°
i) . 105° <4 < 120°
j) " 120° < < 135°
k) " 135°% <4 < 150°
1) " 150° < ¢ < 165°
m) " 165° <4 < 180°

Energy distributions of sputtered particles in the
incident plane (0° < ¢ < 150) in several polar-angle

intervals for D bombardment of C. Incident energy,

EO = 0.35 keV; incident angle, o = 800.
a) 12° « 5 < 18° and 27° < 8 < 30°
b) 42° < 8 < 45%, 57° < g < 60° and 72° < 8 < 75°,
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56

Contour plots (lines of equal intensity: sputtered
particles per solid angle and energy interval) of

the energy-polar angle distribution of sputtered
particles for different azimuthal-angle intervals.

3 keV Ne bombardment of Ni at an incident angle,

« = 75°, ¢ gives the intensity step between adjacent

contour lines.

a) integrated over the azimuthal angle,

b) azimuthal angular range, o° <« $ < 15°
c) " 15° < ¢ < 30°
a) i 509 ¢« g2 489
e) i 459 < $ < 60°
£) = 60° < ¢ < 75°
g9) " 75° < ¢ < 90°
h) n 90° < 4 < 105°
i) " 105° < ¢ < 120°
3) " 120° < ¢ < 135°
k) " 1952 & 4 = 1506°
1) i 150° < ¢ < 165°
m) " 165° < ¢ < 180°

Energy distributions of sputtered particles in the
incident plane (OO < ¢ < TSO) in several polar-angle
intervals for Ne bombardment of Ni. Incident energqgy,
EO = 3 keV, incident angle, o = 5B,

a) 12°<s < 15° anda 27° < 8 < 30
b) 42°<p < 45°, 57° < B8 < 60° ana 72° <8 < 75

O

o

Exit angle, B, versus the energy, E, of C sputtered
in a binary collision with D. The three curves are due
to the simple binary collision, and due to an additiona

scalar and planar potential.
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58

59
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61

Contour plot (lines of equal intensityv: sputtered
particles per solid angle and energy interval) of the
energy-polar angle distribution of sputtered particles
in the incident plane (OO < ¢ < 150) for 350 ev D

bombardment of C at an incident angle, a = 80°

a) planar potential; indicated is the curve for a

binary collision, see Fig. 56

b) scalar potential; indicated is the curve for a

binary collision, see Fig. 56

Contour plot (lines of equal intensity: sputtered
particles per solid angle and energy interval) of the
energy-polar angle distribution of sputtered particles
in the incident plane (0° < ¢ < 15°) for 3 keV Ne
bombardment of Ni at an incident angle, o = 789,
Indicated is the curve due to a binary collision

(planar potential).

Relative number of sputtered particles versus their

depth of origin

a) H bombardment of Ni at normal incidence for three

incident energies, Eo = 0.5, 5 and 50 keV.

b) Ar bombardment of Ni at normal incidence and for

four incident energies, EO = 0.1, 1, 10 and 100 keV.

Definition of angles a, B, ¢ and Sg+

Surface refraction due to a planar surface potential,
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