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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

gi ve data on sputtering. The results show the inportance

of different processes |leading to sputtering, they are conpared
with predictions of transport theory /1/, they are conpared
with experinmental data and they give details of angular and
energy distributions of sputtered particles. Many of the

calcul ated data are given in tw papers /2, 3/. The program

is described in/2/.




| nput paraneters

| nput paraneters to the programare the follow ng:

Z.’ M,I charge and mass of the incident particle
Z,, M charge and nmass of the target atom
p density of the target materi al
Eq energy of the incident particle
a ' angle of incidence
Er bi ndi ng energy of an atom in the bulk

(al ways taken as zero if not stated otherwi se)

E, surface binding energy of a target atom at
the surface(heat of sublimation) from/4/

interaction potential (Kr-C potential /5 for all collisions
I f not stated otherw se

i nel astic energy loss (equipartition of Lindhard-Scharff /6/
and Oen- Robinson / 7/ for all particles
heavi er than He, and Andersen-Ziegler /8 for
H, and Ziegler /8 for He, if not stated
ot herwi se)

Al'l these input parameters are taken fromtables and publi -
cations and no fitting to experinmental data has been done.

For the calculation of the data the TRI Msputtering version
TRSPCR1 was used. This version neglects additional scattering
with nmore distant atons especially at low energy and under-
esti mates surface scattering. This |leads to sputtering yields
which are larger (30 % for Ne y+Ni, 5% for H->Ni) than those
calculated with the new corrected version TRSP1C (see the

di scussion in /2/). Other small deviations arise in the

angul ar distributions at grazing exit angles and for heavy
particles at low energies.



Cal cul ated data

Y, total sputtering yield

Y |, sputtered energy

is

Nunber of sputtered particles for four sputtering processes
1) lon in, PKA, 2) lon in, SKA; 3) lon out, PKA and
4) lon out, SKA.

Nunber of sputtered particles (all sputtered particles and
PKA's al one) versus the energy, E, of the sputtered
particles and the polar exit angle, B, in formof a matrix.

Nunber of sputtered particles (all sputtered particles and
PKA' s al one) versus the polar exit angle, 3, and the
azimuthal exit angle, <>(=y?), in formof a matrix.

Number of sputtered particles versus the exit energy, E and
the polar exit angle, [, in an azinmuthal exit-angle range,
A>= 15°, again in formof a matrix.

Nunber of sputtered particles (all sputtered particles and
PKA's alone ) versus the exit energy, E, and the depth of
origin, in formof a matrix.

In addition the programgi ves sone data on reflection:
Particle (Rp and energy (Re) reflection coefficients.
Nunmber of backscattered particles versus the exit angle, E,
and the polar exit-angle, B, in formof a matrix. Nunber

of backscattered particles versus the azinuthal exit angle, $(=

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

The program gi ves al so sone data on particle and energy de-
position in the solid:

Depth distribution of inplanted particles and the first
four nonents.

Total pathlength distribution of inplanted particles.

Depth distribution of energy lost in elastic as well as in
i nel astic collisions.




The energy resolution is in nost cases 1 eV, the angular
resolution in B as well as 6 is 3°. The depth resolution for

the depth or origin of the sputtered particles is given in 8,
the resolution for the depth distribution of inplanted particles
|arger or equal than 1 8, depending on the maxi mum penetratiion
dept h.

Furt her cal cul ated data and conparisons with experi mental
data are given in /11-16/.

Resul t s

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 atons

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

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
bi ndi ng energy.

Fig. 19 Dependence of the sputtering yield on the bulk
bi ndi ng energy.

Fi g. 20-21  Conpari son of the sputtering yield versus incident
energy and angle with experinmental data

Fig. 22-23 Total angul ar distributions for normal and non-

nor nal i nci dence.
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Angul ar distributions in the incident plane for
non- nor nal i nci dence.
Contour line plots of the angul ar distributions

for non-normal incidence

Conparison of the angul ar distribution for a
pl anar and a scal ar surface potential.

Theoretical curves for the sputtering in one
binary collision for a planar and a scal ar
potenti al .

Compari son of the conputer simulation results
with the analytical formulae for the sputtering

in one binary collision: Angul ar distributions.

Total energy distributions for non-nor mal
i nci dence.

Energy distributions in different em ssion
directions for non-normal incidence.

Compari son of computer simulation results with
t he anal ytical fornulae for the sputtering in
one binary collision: Energy distributions.

Escape depth of sputtered particles.

Definition of angles.




Sputtering in one binary collision /["17/

a) Angul ar distributions

The occurrence of the ridge in the angular distribution is
shown to be due to PKA in fig. 28. In addition it can Le
denonstrated that the ridge is mainly due to souttering in
one binary collision. Fromfig. 61 the polar exit angle B
after refraction (planar surface potential) is found to be

2 EH
t9 B = Ex
: .2 (1)
W th E, - Tsin @
E, =] cos.2f3'-E.0

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

wher e y =-------z=y

The recoil angle &g can be determned fromfig. 60

cosS, = sina si nR! cos<{>- cosa cosR' (2)

From these relations the polar exit angle R is cal cul ated by

s = AlsinasinB cos<{>- cosetcosB']Zsinz@

egzi . . , 5 5
Al sina sinfB" cos$>- cosa cosR']“cos“R -1

with A - y%JES

Due to the Ilimtation of ' caused by a maxi num recoi

angl e, <§ - 90°, 3 nust have a m ni num val ue, Qﬁm
Differentiation leads to the follow ng transzendental equation
for B!

nin
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sina sin2[3'.mm cos<f> - cosa CcO0S2R',

A - - . min (4)
(sina sinf3 min cos<J>-cosa cosBmm) COSBm

m

Putting R ;, into equation (3) gives Bnin - An example of R
versus ' is shown in fig. 34. The assumption is made that the
angle RBnj, occurs with the highest intensity for a binary
collision sputtering process, which is justified by taking

the cross section into account /17/.

As seen from fig. 34, ' has a lower and an upper limit,
B and B . They can be calculated from equation (3) by
putting the denominator in (3) to zero. The result s

2 -[2Bcosa-sin - 2% cos ;]+sina cos<J>[sin2§ cos i}>—4B(B+cosa)]1l2
cos B = -
e 57(003 2a 1 sm2 a cosj J
- (5)
with B = A1/
Figure 35 shows B . , R' . , B and R, versus the azimuthal
mim mim 1 2

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

show Bmm versus ¢, a and A.

There is an upper limit for the azimuthal angle which is

determined from (5) by putting the square root to zero: '
cos 2 <§> = f}_B__(_@___‘f_X_Q_O__S_a_._)_ (6)

sz a

There is also a lower limit for a and A which follows from
$. = 0O:

cosa, =1- 2B or Ac = [sin [I" * (7)

The critical value, $%, is shown in fig. 39, 40 versus a and A,
the relation between a_ and A in fig. 41.

If one assumes a scalar potential (no refraction) there s
also a lower limit for the exit angle: starting from



(8)

theexit angle By, in this case is determined by (8) and (2)

. . 2 2 2 2 172
3060 _ -B cosa + sing cos<j>[cos atsin a cos <>B"]
mi n 5 E 5
cos “a+sin“a cos °%
(9)
The lower |limt of Bn,n, B, is determ ned for <S = 90° or
B =0 B
_ Si na cos4>
cosfhi -
1/2 (10)
2 .2 2.
[cos™a + sina cos ¢]
Agai n,as above,for the planar potential the wupper limit
for d>, dg, is determi ned by Bmm = 90° in (9)
with the result
4 = — 27— (11)
B sina
and the |ower limt for a, a. . is found by 4C -0
sina, = A2 =B (12)
Curves for Bmh , 45, aC determi ned 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 inone binary
col lision.

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

collision is




The em ssion angle, B, after refraction is given by taking (1)
i nt o account.

2
tger: (E.+1)sin B (13)
(E +1)cos “R' -1
where E' = £
£S

The relation between B and E is determ ned by calculating R
from

EL+1 . / 2 2 2 E'+1
- cosa + sina cos<{>/ cos a+srna cos ®- ----
(o Fo Y LR I A

2 o2 2 . -
Cos "ex+ sin a cos <>

The curve resulting from (13) and (14) is shown for sone
exanples in figs. 56-58.

For the case of a scalar surface potential, the relation
bet ween E and B is

2
E E [Acos 6 - 1]
o} Iy

(15)

E0 [ A(sina sinfB cos0O - cosa cosfR) -1]
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Fi gure Captions

Fig.

Fig.

Fig.

1

Sputtered particles per incident particle versus the
depth, x4, of the starting particle for 100 eV Ni

in Ni.

The fraction of escaping starting particles are given
for two different inelastic energy | osses:

LS (+) and OR (Xx).

The fraction of sputtered SKA are given for the

same two inelastic energy loss models:

LS (o) and OR (°) .

I ndicated in the figure is also the range parameter R
(and 2 R) applied in TRIMto reduce computer tine.
The Kr-C potential was applied for the cal cul ations.

Ne bombardment of Ni at normal incidence, a = 0°.

Sputtering yield, Y, versus the incident energy, E ,

for different interatom c potentials and inelasticu

energy loss nmodels. Conparison with experinmental data (0)/9/.

a) Moliere potential for Ne-Ni, Kr-C potential for
Ni -Ni (solid lines). Moliere potential for both
ki nds of collisions (dashed |ines).

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

Li nes drawn to guide the eye.

H bombardnment of Ni at normal incidence, a = 0°.
Sputtering yield, Y, versus the incident energy, E ,
for different interatom c potentials and inelastic

"~ energy loss nodels.

a) Moliere potential for H-Ni, Kr-C potential for
Ni - Ni .

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

Li nes drawn to guide the eye.




Fig. 4
Fig. 5
Fig. 6
Fig. 7
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H bonbardment of Ni at normal incidence, a = 0°.

a) Sputtering yield, Y, and particle reflection co-
efficient, R, versus the incident energy, E,;.

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

Li nes drawn to guide the eye.

D bonbardnment of Ni at normal incidence, a = 0°.

a) Sputtering yield, Y, and particle reflection co-
efficient, , versus the incident energy, E;.

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

Li nes drawn to gui de the eye.

T bonbardnment of NI at nornmal incidence, a “ 0°.

a) Sputtering yield, Y, and particle reflection co-
efficient, R, versus the incident energy, E;.

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

Li nes drawn to gui de the eye.

‘He bombardnent of Ni at nornmal incidence, a = 0°.

a) Sputtering yield, Y, and particle reflection co-
efficient, R, versus the incident energy, E;.

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

Lines drawn to gui de the eye.




Fig. 8

Fig. 9

Fig. 10

Fig. 11

Conparison of the sputtering vyield, Y, of Ni with T
and QHe versus the incident energy, E;, for nornal

i nci dence, %= 0°.

Li nes drawn to guide the eye.

4 . . . 0]
He bonbar dnent of Ni at normal incidence,, = 0.

a) Sputtering yield, Y, and particle reflection co-
efficient, Rj, versus the incident energy, E .

b) Relative contribution of primary knock-on atons,
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,

Lines drawn to guide the eye.

Ne bombardnment of Ni at normal incidence, a = 0°.

a) Sputtering yield, Y, and particle reflection co-
efficient, R, versus the incident energy, E,;.

b) Relative contributions of primary knock-on atons,
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,

Lines drawn to guide the eye.

Ar bombardment of Ni at normal incidence, a = 0°.

a) Sputtering yield, Y, and particle reflection co-
efficient, Rj, versus the incident energy, E,.
In addition, the sputtering yield is shown as
calculated from Sigmund's theory, using Fy(x=0)
= ceSn(Eo) for both the Modliere and the Kr-C
potenti al .

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

Eq-

E .

sputtering yield, Y versus the incident energy E .
w

Lines drawn to gui de the eye.




Fig.12 Xe bombardnment of Ni at normal incidence, , = 0°.

a) Sputtering yield, Y, versus the incident
energy, k.

b) Relative contributions of primary knock-on atons,
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, Eq

Li nes drawn to guide the eye.

Fig.13 H bombardnent of Ni at an incident energy Eq =1 keV:

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

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 inci-
dence, a.

Li nes drawn to gui de the eye.

. 4 , o
Fig. 14 He bombardnment of Ni at an incident energy, Eq = 1 keV

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

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

Li nes drawn to gui de the eye.

Fig.15 Ne bombardment of Ni at an incident energy Eq = 1 keV:

a) Sputtering yield, Y, for three different inelastic
energy loss models, and particle reflection coeffi-
cient, R, versus angle of incidence, a.

b) Relative contributions of primary knock-on atons,
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,
a.

Lines drawn to gui de the eye.



Fig. 16

Fig. 17

Fig. 18

Fig. 19
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Ar bonbardnent of Ni at an incident energy, Eq =1 keV:

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

b) Relative contributions of primary knock-on atons,
PKA (ion in and ion out), and secondary knock-on
atons, SKA (ion in and ion out), to the total
sputtering yield, Y, versus the angle of in-
ci dence, a.

Lines drawn to gui de the eye.

Xe- bonbardnent of Ni at an incident energy Eq =1 keV:

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

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

a .

a) Sputtering yield, Y, versus surface binding
energy, E_, for 1 keV Ar on N at normal incidence.
The dashed line gives Y = ES'1 11/ .

b) Sputtering yield, Y, versus surface binding energy,
Es’ for 0.08, 0.3 and 2 keV D on C at nornmal in-
ci dence.

The dashed line gives Y Eg_l.

Sputtering yield, Y, versus the normalized ion energy,

E', where E = EE wth Ey defined in /10/ for D

on Ni at normal incidence. The curves show the influence

of various choices of bul k binding energi es. The curve

is determned fromthe sem -enpirical formula (7)

fromRef. /10/.



Fig.20

Fig.21

Fig.22

Fig.23

Fig.24

Fig.25
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Conparison of experinmental /9,1c) / and cal cul at ed
val ues of the sputtering vyield, Y, versus incident
energy, E;, for H, D, He, Ne, Ar and Xe on Ni at
normal incidence.
Li nes connect the calculated points and are drawn
to guide the eye.

Compari son of experimental /10/and cal cul ated val ues
of the sputtering yield, Y, versus the angle of in-
ci dence, a, for Hon Ni.

a) incident energies from0.2 keV to 1 keV.

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

Angul ar distribution of sputtered particles for

1 keV H bonbardment 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.

Azi mut hal distribution (integrated over polar angl es)
of sputtered particles for 1 keV H bombardnent of Ni
at an angle of incidence,a = 80°.

Angul ar distributions in the incident plane of the
sputtered particles (azimuthal angul ar range

0° < < 15°) for 1 keV H bonbardnment of Ni at
several angles of incidence. The distributions are
normalized to give the same maximum val ue.

Angul ar distributions of sputtered particles in the

i nci dent plane (azi mut hal angul ar range 0° < 4> < 15°)
for H bombardnent of Ni at an angle of incidence,

a = 80°, and for several incident energies E . The

di stributions are normalized to give the sane maxi mum
val ue .



Fi g. 26

Fig. 27

Fig. 28

Fig. 29

Fi g. 30

s I =

Angul ar distributions of sputtered particles in the

i nci dent plane (azinuthal angular range 0° <<j><15°)
for the bonbardnent of NI with different incident
particles with an incident energy, Eq =1 keV, and

an angle of incidence, a - 80°. The distributions

are nornmalized to give the same maxi num val ue.

Angul ar distribution of sputtered particles in the

i nci dent plane (azinuthal angular range 0 < 4>< 15°)
for D bonbardnment of Ni, Mo and Wwi th an inci dent
ener gy, Eq = 4 keV, and an angl e of incidence,

a = 80°. The distributions are normalized to give the
same maxi mum val ue.

Contour plots (lines of equal intensity: sputtered
atons per solid angle) of the angular distribution
of sputtered particles for D bonbardnent of Ni at an
i nci dent energy of 4 keV and an angl e of incidence
of a = 80°.

a) angular distribution of all sputtered particles

b) angular distribution of primry knock-on atons (PKA)

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

Contourplot (lines of equal intensity: sputtered atons
per solid angle) of the angular distribution of
sputtered particles for D bonbardnent of M at an

i ncident energy of 4 keV and an angl e of incidence

of a = 80°.

Contourplot (lines of equal intensity: sputtered atons
per solid angle) of the angular distribution of
sputtered particles for D bonbardnment of Wat an in-
ci dent energy, Eq = 4 keV and an angl e of incidence

of a = 80°.



Fig.31

Fig.32

Fig. 33

Fig. 34

Contour plots (lines of equal intensity: sputtered

atons per solid angle) of the angular distribution

of sputtered particles for Ne bonbardnent of Ni at

an incident energy of 3 keV and an incident angle,
A

a —75 .

a) angular distribution of all sputtered particles
b) angul ar distribution of primry knock-on atons

( PKA)

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

Contour plots (lines of equal intensity: sputtered

atons per solid angle) of the angul ar 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

bi ndi ng ener gy, ES = 7.4 eV.

Angul ar distributions of sputtered particles in the

i nci dent plane (azimuthal angular range 0 < < 15°)

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

a = 80°.

- planar potential, surface binding energy, Es = 7.4 e
-- without refraction, (scalar potential), surface

bi ndi ng energy, E; = 7.4 eV.

Pol ar angle R of sputtered particles (after refraction)
versus the starting polar angle ' (in a binary colli -
sion) in the incident plane ( $= 0°) calcul ated by
formula ( 3).

The exanple is determ ned for 4 keV D bonbardment of

Ni at an incident angle, a = 80°.



Fig.35 The polar angles B, B', B i, versus the azi muthal
angle, ¢, calculated by fornmula (3,5, 10).
The exanple is determined for 4 keV D bombardnent of
Ni at an incident angle, a = 80°.

Fig.36 Polar angle, Bynn, versus the azimuthal angle, ,
for several values of A = yE/E and an incident

angle, a = 80°. © s

Fig.37 Polar angle, RByj.n, versus the incident angle, a, in
the incident plane ( | = 0°) for several values of A

Fig. 38 Polar angl e, Bmm , versus the value A in the incident
pl ane for several values of the incident angle, a.

Fig.39 The critical azimuthal angle, <t>, versus the angle
of incidence,», for several values of A.

Fig.40 The critical azimuthal angle, , versus the value A
L

for several angles of incidence, a.

Fig.41 The critical angle of incidence, ». (critical value,
A ), versus the value A (angle of incidence, a).

Fig.42 Polar angle, By o, versus the azinmuthal angle, <>,
for several values of A. The curves are cal cul ated
for an incident angle, a = 80°, and without refraction.

Fig.43 Critical azimuthal angle,<f>, and critical angle of
i nci dence, a., Versus the val ue A. <{>is determ ned
for several angles of incidence, a.

Fi g. 44 Conparison of the polar angle, Bnn, With the polar
angl e of maximumintensity in the angular distribution
of sputtered particles in the incident plane for
several ion target conbinations at an angle of in-
ci dence, a = 80°.
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Fig.45 Angul ar distributions of sputtered particles in the
i nci dent plane (azi muthal angul ar range, 0° < < 15°)
for different ion target combinations but with the
same value A =YE//E = 19.7 and an angle of incidence,
a = 80°. The distributions are normalized to give the
same maxi mum val ue.

Fi g. 46 Contour plots (lines of equal intensity: sputtered
atoms per solid angle) of the angular distribution
of sputtered particles for 350 eV D bombardnment of C
at an incident angle, a = 80°. Inserted is the I|ine

3 versus cal cul at ed from formula ( ).

m n
a) planar potential, Ej = 7.4 eV

b) without refraction(scalar potential) Ey = 7.4 eV.

Fig.47 Contour plot (lines of equal intensity: sputtered atons
per solid angle) of the angular distribution of sputter«
particles for 4 keV D bombardment of Ni at an incident
angle, a = 80°. Inserted in the line Bml“ versus ¢
cal cul ated from formula ( ) .

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

Pl anar potential: all sputtered particles (---),

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

Scal ar potential (without refraction): all sputtered
particles (-+-)

Fi g. 49 Energy distributions of sputtered particles in several
azi mut hal directions (integrated over the polar
angle, B). C was bombarded with 0.35 keV D at an
inci dent angle, a = 80°.

Fi g. 50 Energy distribution of sputtered particles for 3 keV
Ne bonmbardnment of Ni at an incident angle, a = 75°.
Shown are the energy distributions of all sputtered
particles (— ) and of the PKA (---).
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Fig.

Fig.

51

52

53

Ener gy distributions of sputtered particles in several
azi mut hal directions (integrated over the polar angl e,

). Ni was bombarded with 3 keV Ne at an incident angl e,
a = 75 .

Cont our plots (lines of equal intensity: sputtered
atonms per solid angle and energy interval) of the
energy - polar angle distribution of sputtered particles

for different azi muthal angle intervals 350 eV D bom

bardment of C at an incident angle, a = 80°. c; gives
the intensity step between adjacent contour |ines.
a) integrated over the azi muthal angle, $

b) azimuthal angul ar range, 0° <g4> < 15°

c) i 15° <« < 30°
d) ! 30° <* < 45°
e) " 45° <4 < BO°
f) . 60° <x < 75°
9) : 75° <4 < 90°
h) : 90° <4 < 105°
i) ! 105° <x < 120°
i) ' 120° <+ < 135°
k) " 135° < ¢ < 150°
1) ! 150° <+ < 165°
m) " 165° <+ < 180°

Energy distributions of sputtered particles in the
incident plane (0° <<t>< 15°) in several polar-angle
intervals for D bombardment of C. Incident energy,
80°.

E, =0.35 keV; incident angle, a
a) 12° < B < 15° and 27° < B < 30°

b) 42° < R < 45°, 57° < R < 60° and 72° < [ < 75°
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54

55

56

Cont our plots (lines of equal intensity: sputtered

particles per solid angle and energy interval) of

the energy-polar angle distribution of sputtered

particles for different azi muthal-angle intervals.

3 keV Ne bombardment of Ni at an incident angle,

a = 75°. c gives the intensity step between adjacent
cqntour lines.

a) integrated over the azi muthal angle |,

b) azi muthal angul ar range, 0° < 0 < 15~
c) 2 15° < 4><  30°
d) . 30° < <>< 0 45°
e) " 45° < <p< 60°
f) " 60° < 4><  T5°
g) ! 75° < <p< 90°
h) ! 90° < «t>< 105°
i) i 105° < ¢ < 120°
i) ! 120° < <p»< 135°
k) " 135° < <p< 150°
1) " 150° < 4>< 165°
m) L 165° < << 180°

Energy distributions of sputtered particles in the

incident plane (0° < 4»< 15°) in several polar-angle
intervals for Ne bombardment of Ni. Incident energy,

E0 = 3 keV, incident angle, a = 75ﬁ.

a) 12° <R < 15° and 27° < B < 30°

b) 42° < B ' 45°, 57° < B < 60° and 72° < [ < 75°
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
scal ar and pl anar potential.



Fig. 57
Fig. 58
Fig. 59
Fig. 60

Fig. 61

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

ener gy- pol ar angle distribution of sputtered particles
in the incident plane (0° <«<>< 15°) for 350 eV D
bonbardnent of C at an incident angle, a = 80°

a) planar potential; indicated is the curve for a
bi nary collision, see Fig. 56

b) scalar potential; indicated is the curve for a
bi nary collision, see Fig. 56

Contour plot (lines of equal intensity: sputtered
particles per solid angle and energy interval) of the
ener gy-pol ar angle distribution of sputtered particles
in the incident plane (0° < <>< 15°) for 3 keV Ne
bonbardnent of Ni at an incident angle, a = 75°.

I ndicated is the curve due to a binary collision

(pl anar potential).

Rel ative nunber of sputtered particles versus their
depth of origin

a) H bonbardnent of Ni at normal incidence for three
incident energies, Ef =0.5 5 and 50 keV.

b) Ar bonbardnment of NI at normal incidence and for
four incident energies, E =0.1, 1, 10 and 100 keV.

(9

Definition of angles a, R, and 6R'

Surface refraction due to a planar surface potential.
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