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I. INTRODUCTION

Surfaces of 50lid materials are eroded under the energetic par-
ticle bombardment. This phenomenon is called sputtering. The erosion
rate 1is characterized by the sputtering yield Y which is defined as
the mean number of emitted atoms per incident particle. The sputter-
ing yield depends in general on the type and state of the bombarded
material, in particular the detailed structure and composition of the
material surface, and the experimental geometry. There are a lot of
review articles concerning with sputterin91'2'3'4.

From the viewpoint of emission process, the sputtering can be
classified into two categories; physical sputtering and chemical
sputterings. In physical sputtering, &also called knockon sputtering,
the sputtered particles receive enough energy from collisions with the
incident particles to overcome the surface binding energy. The latter
category invokes a <chemical reaction induced by the impinging par-
ticles which produces an unstable compound at the surface. In this
report the main concern is the physical sputtering. The physical
sputtering is better understood than the chemical sputtering.

The physical sputtering is closely related to many of the topics
in atomic collisions in solids!, Subjects such as the interaction and
penetration of ions in solids including range theorya, nuclear stop-
ping and electronic stopping of particles in matter and the develop-
men’. of the radiation damage in materials have a bearing on
sputtering. The Sigmund-’l‘hompson7r8 theory based on the theory of
nuclear stopping and radiation damage developed by Lindhard et al.®
provides the best theoretical framework to explain the basic aspects
of the sputtering process. The transport theory of sputtering
developed by Sigmund has shown to be powerful tool to understand the
sputtering.

The physical model underlying the Sigmund-Thompson theory is as
follows: . An ion impinging on a random homogeneous solid generates a
colligsion cascade, and recoiling atoms in the cascade will be sput-
tered when they reach the surface with sufficient energy to overcome
the surface potential barrier Us. The most significant results of the
theory are expressed by the Thompson energy spectrum8

J(E,Eq) o Eg(Eq + Ug)3 (1)



and by the Sigmund sputtering yield at normal incidenc€7" T

a (MZ/MI)SH(E)
Yg(E) = 0.042 — (2)
‘U

s

where E is the ion energy, Eg is the energy of a sputtered atom, S, (E)

is the . nuclear stopping cross section, and a (Mp/M;) is a function of

the mass ratio between the target mass M, and the ion mass M;.
Systematic deviations from the original Sigmund formula (2) have

9 and low-

been pcinted out for some cases, such as light-ion sputtering
energy sputteringlo. After Sigmund's work, efforts have been made to
get better expressions of sputtering yields from theoriesll'l3, empiri-
cal relationsl4720 and computer calculationsél=3V,

Current needs for sputtering data at normal incidence and at oblique
incidence have accelerated experimental measurements of sputtering
vields. A useful and convenient presentation of these sputtering data is
an empirical formula which is applicable to any ion-target combination
and any incident energy. In views of plasma wall interaction, it is
very important to estimate sputtering yields in the near threshold
energy region.

In order to oktain a simple analytic expression for the purpose of
the preliminary descriptions of unknown sputtering yvields, Bohdansky et
al. have proposed the following empirical formulae for sputtering yields
in the near th;eshold energy regime at normal incidencel5,16;

YB = QBYN(E/Eth)’ (3
where YN(y) is the reduced sputtering yield which has the form
Y(y) = 0.0085yl/4[1 - y117/2 - (4)

The fitting parameter Qp and the threshold energy Eth employed in Eq.
(4) are given by o . “



0.75M,5/3 My < My

Qp = (5)
1 My > My
Ug/r (1 = 1) M;/M; < 0.3

Eth = (6)
BU (M, /M,)2/5 My/M; > 0.3

where ¥ 1is the energy transfer factor which is defined as

To= AMIMy/ (M) + My)2, (7

Recently, Bohdansky revised the analytic formula of Eg. (3), and he
obtained the following formls:

YB QcSn(S )g(E/Eth) . (8)

Here & = E/EL is the LSS reduced energy with the definition of

2
EL = ’, (9)
My a,

where ap is the Lindhard screening 1ength6. In Eq.(8) Q. is the so-
called yield factor, which depends mainly on M; and M, and is indepen-
dent of the incident energy, and s, (& ) is the reduced nuclear stopping
cross section for which they used the following analytic approximation
to the Thomas-Fermi model 31 proposed by Matsunami et a1.19:

3.441y € 1n( € + 2.718)
sp(e ) = . (10)
1 + 6.355V ¢ + £ (6.882y € - 1.708)

.



The function g(y) is the correction factor for low ion energies
gly) = (1 - y"2/3)(1 - y “H2, (11)

The values of the yield factor Q. are listed in refs. 4 and 18 for 68
ion-target combinations.

Under the joint research program of data compilation at the Research
Information Center, Institute of Plasma Physics, the experimental data
of the energy dependence of the sputtering yield at normal incidence
were collected. Taking account of the threshold effect in the original
Sigmund formula, the following empirical formula was proposedlgz

a S,(E)
Y = 0.042 —————— [1 - (E,/E)1/2 1, (12)

Usg

where Ei, is the sputtering threshold energy and the sublimation energy
is used as the surface binding energy Ug;. The mass ratio dependences of
a and the relative threshold energy & = Einp/Ug are empirically deter-
mined in the form

0.1019 + 0.0842(M,/M;)0-9805 y /M, < 2.163
a = (13)
~0.4137 + 0.6092(Mp/M;)%-1708 1y /M, > 2,163,
and
[ 4.143 + 11.46(My/My)70-5005 /M, < 3.115

£ = (14)
5.809 + 2.791(My/M)0-4816 /M, > 3.115.

The nuclear stopping cross section is given by - .

Sp(E) = Ks (g ), (15)



where s (¢ ) is given by Egq. - (10) and X is the conversion factor from
the reduced unit to the unit of eV cm2/1016 atoms:

T1%y 1
K = 84.78 . (16)
(2,273 4 7,2/3)1/2 My + M,

In 1984, a revised empirical formula was proposed by the same com-
pilation grouplofzo

o *Q(Z,)8,(E)
Y = 0.042 [1 - (E,/E)1/212.8, (17)
Ug(l + 0.35Ug so( ))

vhere s, (€ ) is the Lindhard's inelastic stopping function3l, and the
empirical parameters o * and Eth are given by

a® =0.08 + 0.164(My/M;)%4 + 0.0145(My/Hy)1-29, (18)

and

§ = Egp/Ug = 1.9 + 3.8My/M) 7L + 0.13aMy/m 01240 (19)

The factor Q is the I,-dependent parameter and is listed in Table 1.

The main concern of this report is the low-energy sputtering which
is one of the most important processes for impurity release in fusion
devices. The energies of ions and neutral atoms hitting the first wall
are low and not in the energy range for which the original Sigmund for-
mula is applicable. The empirical formulae mentioned above include the
threshold effect, and for practical applications the threshold energy of
sputtering yield must be known.

Using - the . Monte Calro simulation code ACAT, Yamamura and Mizuno30
investigated sputtering threshold energies at normal and obhlique
incidence, and derived the following mass ratio dependence of the rela



tive threshold energy at normal incidence: -

§. = Egp/Ug = 0.214 .+ 4.77(My/M5)0:587 & 0.256(My5/My). (20)

For obligque incidence, however, it is very difficult to derive a univer-
sal relation for the threshold energy from computer studies3©,

In this report the theory of sputtering thresholds for not-too-
oblique incidence will be develeped, considering several collision
sequences near the surface. A new version of the empirical formula is

proposed in order to obtain the sputtering yleld in the near threshold
energy region.

I . THRESHOLD ENERGY FOR NCT~TOO-OBLIQUE INCIDENCE

Usually, the sputtering mechanism is classified into two parts32,
i.e. the one due to collision cascades c¢reated by incoming ions
(mechanism 1) and the other due to collision cascades generated by ions
backscattered from the interior of solids (mechanism 2). The mechanism 1
is dominant for heavy-ion sputtering, while the mechanism 2 is dominant
for light-ion sputtering.

Recent computer studies on low-energy sputtering indicate that for
near threshold. sputtering the sputtered atoms are generated by a few
collisions and that all collision events take place only at the topmost
layer and/or the second 1ayer3°. The computer works of the sputtering28
suggest the possible collision sequences which 1lead to near-threshold
sputtering, which are shown in Figs. 1 and 2.

In the mechanism 1, the first primary recoil atom is sputtered or
causes the sputtering process. In the mechanism 2, the projectile ion
is scattered by target atoms inside solids, and create the primary
recoil which is finally sputtered. Additional distinctions, A, B, C and
D in Fig, ! indicate. that the number of collisions involved in the
mechanism 1 are 1, 2, 3 and more than 4, respectively. Similarly, the
number of collisions involved in the mechanism 23, 2B and 2C in Fig. 2
are 1, 2 and more than 3, respectively.

First of all we calculate the 'threshold energy' for each :.collision
sequence . shown 1in Figs. 1 and 2 and-identify the lowest energy as the
real threshold energy33.



2.1 Mechanism 1C

The mechanism 1C is the three-collision ©process for sputtering.
This mechanism includes two different processes, i.e. ejection of the
secondary recoil atom (mechanism 1C') and that of the primary recoil
atom (mechanism 1C"). The former is important for small angles of in-
cidence and the latter mechanism for large angles of incidence.

In Fig. 3, the more detailed descriptions of the mechanism 1C' and
1C" are shown, where E; is the energy of incidence and 6 o is the angle
of incidence measured from the surface normal. The energies, E;, E;, Ej;
are those of the recoil atom after the first, second and third
collisions, respectively. The total deflection angle measured from the
surface normal after the first, second and third collisions are denoted
by & 1.6 5 and € 3 ,respectively.

For the mechanism 1C", each energy and total scattering angle is

given as *
E; = Eg7 sin(0 ,/2) , (21)
Ep = E;[1 - 8in2(© 5/2)1 = Eo7 5in?(0 1/2)cos2(0 5/2), (22)
E3 = E5ll - 5in2(0 3/2)]
= Eq7 sin(0 1/2)cos?(0 ,/2)cos2(0 3/2), (23)
@6q4=0+ (n - ©,4)/2, (24)

@ 52=0,+045/2=04+((n -0+ 0,)/2, (25)

(3}
W
it

6, + 0 3/2 g+ (n -0, + 0, + 03)/2, (26)
where © 1- (] 2 and © 3 are the scattering angles in the center of mass
(CM) system.

Replacing © 5 by 1 -~ © , in Egs. (22) and (25), we can easily get
the energies and the total scattering angles of the secondary recoil
atom of the mechanism 1C'. This means that the formula for threshold
energy of the mechanism 1C' is the same as that of the mechanism 1C",
because the second and third collisions are equal-mass collisions.

Here, we obtain the vertical component E+1C of the energy of the
outgoing recoil atom, which has the form



E,1C = Eg7 8in?(0 ;/2)c0s2(0 5/2)c0s2(0 3/2)

0y -0,- 034
X 8in2(8 ( - ). (27)

Here, we use the planar potential as the surface barrier for the
sputtering. Then, the 'threshold energy' of the mechanism 1C is given by
setting the maximum valus of E;lc be equal to the. surface binding
energf. Rigorously speaking, the CM scattering angles in Eq. (27) are
functions of the impact parameter p; of Fig. 3, if the configuration of
each target atom is fixed. However, the purpose of this report is to
obtain the threshold energy in a random target. Therefore, it is very
reasonable to assume that any configuration of target atoms is allowed
for the threshold sputtering. This assumption tells us that the three
CM scattering angles, © ;, © , and © 3, are independent variables.

If we accept the above-mentioned assumption, it is very easy to ob-
tain the maximum value of E+1C. We have only to differentiate E+1c with
respect to © ;, © , and © 3, and using the conditions of & E+1c/8 ©4 =
o, 8E,1C/8 0 2 =0 and & E,1C/5 0 1 = 0, we have the following simple
relations for the maximum value of E+1C:

) 3 = (n - 26 0 + 0O 1 - © 2)/2, (28)
O, =(n + 0O 1 —26 ¢)/3, . (29)
Q] 1 = (n + 0 0)/2. (30)

“

Substituting Egs. (28), (29) and (30) into Eg. (27) -yields the maximum
vertical component of the energy of the outgoing recoil atom

E,1C = Eyr sin8 . (31)



The 'threshold energy' is equal to the -energy of incidence when the
equality E+1c = Ug is held. Then, we obtain the 'threshold energy' of
the mechanism 1C, i.e.

= . (32)

It is of interest to know the physical conditions' which give the
threshold collision sequence, First of all let us consider the scatter-
ing angle in the laboratory (L) system at each collision. With help of
the relations obtained in Egs. (28), (29) and (30), some algebraic ar-

rangements give a simple relation

o, =0,0=0,50-= . (33)

These equalities means that the threshold collision sequence or the min-
imum energy-loss process, 1is the collision sequence of the equal-angle
scatterings.

The sputtered atom loses the vertical component of its energy by an
amount of Ug to overcome the surface barrier. At the threshold energy,
hence, the sputtered atom is emitted parallel to the surface. This 1is
effectively a deflection due to the surface barrier. Its deflection
angle f 3o¢ is equal to (m - 6 3)/4, and the supplement of 6 j,¢ is
egual to the scattering angle of the minimum energy-loss segquence.

Then, we have

018+ 01 + 030 v (m/2-040) = - B, (34)

The schematic representation of the minimum energy-loss sequence 1is
shown in Fig. 4.

2.2 Mechanism 1D
The mechanism 1D is the generalized case of the mechanism 1 (see
Fig. 5). After the first collision the primary recoil atom is produced
and it experiencés m collisions before it knocks off a surface atom. As
-9



was already mentioned in the previous section, the production of the
higher-order recoil atom is equivalent to the scattering of the primary
recoil atom due to the equal mass collision from the viewpoint of
threshold energy.

The conclusion of the previous section is that the collision
sequence with the equal-scattering-angle gives the maximum value for
the vertical component of the outgoing particle. The same conclusion
holds for the successive (m + 2) collision process in the mechanism 1D,
while the deflection angle due to the surface barrier has the following

expression:
Gdef-= 90"' @1/2"" (m+2)®m/2. (35)

Using the requirement that all scattering angles at each collision
and the supplementary angle of @ def are equal and using the relation of
Eq. (34), we can determine the CM scattering angle at the first colli-
sion and we have the following equations similar to Eq; (33):

n- 0 1 ©
9 mL = = = - 6 def = . (36)
2 2 2 m+ 4

Here, @ mL is the scattering angle in the L system.
This minimum energy-loss condition gives an explicit expression for
the 'threshold energy' of the mechanism 1D

EgplD = . (37)

(m+2)7 + 28
2m+8

7 8in
2m + 8

The minimum energy-loss condition of this mechanism is schematically
shown in Fig. 6. Note that for m = 0 this equation is reduced to Egq.
(32).



2.3 Mechanism 2C

The mechanism 2A and mechanism 2B are the special cases of the
mechanism 2C. Let us discuss the threshold energy of the mechanism 2C.
The schematic representation of the mechanism 2C is shown in Fig. 7.
The moving particle in a solid is the projectile. After the first
collision, the projectile makes m eqgqual-angle scatterings with target
atoms before it kicks off a surface atom which is finally sputtered.

After the first collision, the energy El and the total scattering

angle 0 1 are given as

E; = Eg{1 - 7 sin?(0 y/2)} , (38)
8, =0, + 6 4,0 (39)
1 0 12 -
where
gin® 1
8 1,V = tan~l (40)
L + cos® 1

with the definition of u = M;/M,.
The energy Ej,; and the total scattering angle 8 _,; before produc-
ing the primary recoil atom are

Epey = BEg {1 - 7 sin?(0 ;/2)} {1 - rsin(0 /2)} ™, (41)

O mey = 0 o +0 150 + mo b, (42)

where 8 mL is the scattering angle in the L system for the equal-angle
scattering and O, is the corresponding scattering angle in the CM
system.

The energies Ep,, and Ep,3 and the total scattering angles 6 ,, and
0 m+3 of the primary recoil atom are given as

Epsz = Epeq7 8in2(0 ,5/2), (43)
-11 -



Ems3 = Epep {1 - 5in(0 ;,5/2)} , (44)
0 meg = O ey * (T - ©,5)/2, . (45)
9»:m+3 = @ m+2 + 0 m+3/2 . (46)

The vertical component of the energy of the outgoing recoil atom has the

expression
E,?C = Egr {1 - 7 sin?(0 y/2)} {1 - 7 sin?(0 p/2)} ™
X 5in2(0 |, ,/2)c0s%(0 ,3/2)
Xsin2 {0 o5 + 8 150 + mo I - (0 ,,,-0,,3)/2} . (47

Here we assume again that the atomic configuration is random as in
Section 2.1. By differentiating E+2C with respect to the independent
variables © ,,0 ,,© ., and © ,3, we get the 'threshold energy' of the
mechanism 2C:

Ug(1 + 2 )2M+2(1 4+ 241 cos® 1t U 2y2-m )
E¢p2C = . (48)
r (1 + ucos@l )6

where © 1 is the solution of the following transcendental equation:

(m + 1)8 IZL + 36 21L = - 6 0 (49)

and the scattering angle 0‘21L is defined as

— 12 -



-1t 8in® 1
6 5L = tan~! , . (50)
1 + 4 cos®

The factor (m + 1) in Eg. (49) means the number of equal-angle scatter-
ing angles, while the factor 3 of 6 ZlL means the sum of two equal-angle
collisions of the primary recoil atom and the supplementary angle of the
deflection angle @ def due to the surface barrier.

The angle @ 21L is the recoil angle when the primary recoil atom is
produced, and it 1is equal to the L scattering angle between a moving
recoil atom and a projectile at rest. Then, we have

The minimum energy-loss process of the mechanism 2C is interpreted
as the following: 1) A projectile follows the equal-scattering-angle
collision sequence, 2) a produced primary recoil atom alsc makes the
equal-scattering-angle collision sequence, 3) the sum of the L scatter-
ing angle of the projectile and its recoil angle is equal to the CM
scattering angle at the collision which produces the primary recoil
atom, and 4) the supplementary angle of the deflection angle is equal
to the L scattering angle of the <collision sequence of the primary
recoil atom.

Since the transcendental equation (49) cannct be solved analytically
except for m = 2, the following approximate formula is very useful in
the whole region of u

Ug 1 1+ 4 2m+2
T c:0566a cosf 5 + pcos (0 j/p) , (52)
where
#a{n -6 0 )
0 a = : . ’ (53)

m + 1 + 3U

— 13 -



Finally, we determine the real threshold energy of sputtering. For
M, = Mz, Etth is equal to EchC for the same collision number m. The
'threshold energy' of the mechanism 1D is symmetric with respect to M; =
M5, and simple arithmetic calculations yield

D N
Egpt My > M,
E¢p2C My < My .

This equation tells us that the real threshold process corresponds to
the <collision sequence where a particle with the smaller mass is moving
inside the solid.

I . THE EMPIRICAL FORMULA WITH REVISED EMPIRICAL PARAMETERS

The thresholid energies derived in Section II are applicable ¢to
oblique incidence. Due to the scare of data for the oblique incidence,
data for the normal incidence is treated hereafter. In the previous
reportslg'zo empirical parameters o *, Q and Eiy of Eq. (17) are deter-
mined at the same time using a non-linear least square method for whole
energy regions. No significant weight was placed for the low energy
region, resulting in a little bit scatter of the Etp values. However, it
is better to determine these empirical parameters independently.

In this report, better E.;, values are obtained using the following
method for the 1low energy region. We define the reduced sputtering
yield Y* py34

Y* = B2 {y/s,*(E)} 1/2.8, (55)

and we have from Ed. (17)
Y = AGWE - V E¢p). (56)

Here A is an energy-independent parameter which includes the  empirical

parameter « , and Sn*(E) is the effective nuclear stopping cross section

— 14 —



which is defined as

Sp(E)
Sy "(E) = . (57)
1 + 0.35Ugs (&)

We have carried out the linear fitting of the sputtering data of 2905
ion-target combinations to Egq. (55) for S (E) < 2.5 X 10713 ev.cm2.
That is to say, in the Y* versus Vv E plot, the threshold energy E¢p is
the intersection and the parameter a 1is proportional to the slope .

In Fig. 8, we compared threshold energies determined empirically
with theory. Almost empirical threshold energies lie between the m = 1
curve and the m = 2 curve. In this report we adopted the m =2 threshold
energy, i.e.

4 6 Ug
[ ( ) My 2 M,
3 7
( ) My S M, .
y 7 My + 2M,

As in the previous paperlo, o 1is expressed as « *Q. Figure 9 shows
empirical parameters o * as a function of the mass ratio Mz/Ml. The

solid line in Fig. 9 is the revised empirical value of « *

@™ = 0.10 + 0.155(My/M;>%-73 + 0.001(M,/My)1 5, (59)

The Q values of Eq. (17) depend primary on the target materials and are
determined as the average of o /o * over ions. The revised Q values are
listed in Table 2.

—15—



IV . COMPARISON OF THE EMPIRICAL FORMULA WITH EXPERIMENTAL DATA

The energy dependence of the sputtering yield of all available com-
binations of incident ions and target atoms upto 1983 have been compiled
and stored in the computerzo. The comparisons between measured sput-
tering yields and the present empirical formula (17) are given in Figs.
10 through 14, where « * is calculated using the revised empirical rela-
tion (59), the threshold energy is calculated from the theoretical for-
mula Eq.(58), and as Q values we used those of Table 2.

Agreement between the solid curve and data points for each ion-
‘target combination have been improved especially for the 1low-energy
region as compared with the previous empirical works20 with Egs. (18)
and (19), except for H, D and He ions on Be target. More careful
studies are required to investigate the poor agreement for Be target.
It should be noted that the E.; values are smaller than those in the
previous reportzo and hence the sputtering yields are non-zero for very
low energies.
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Table 1 Q values of the empirical formula (17)

target Q target Q target Q
Be  2.17 Ni 1.06 " HE 0.75
4.6 Cu 1.30 Ta 0.78
C 3.1 Ge 0.83 W 1.10
Al 1.09 ir 0.70 Re 1.27
Si 0.78 Nb 1.02 Os 1.47
Ti 0.58 Mo 0.84 Ir 1.37
v 0.90 Ru 1.52 Pt 1.13
Cr 1.23 Rh 1.26 Au 1.04
Mn 1.13 Pd 1.10 Th 0.90
Fe 1.06 Ag 1.21 u 0.81
Co 1.00 Sn 0.47
Table 2 Revised empirical Q values for the empirical formula (17)
target 0 target Q target 0
Be 1.97 Ni 0.94 HEf 0.65
B 4.10 Cu 1.27 Ta 0.62
C 2.69 Ge 0.73 w 0.77
Al 1.11 ir 0.68 Re 1.34
Si 0.95 Nb 1.02 Os 1.47
Ti 0.58 Mo 0.70 Ir 1.39
\ 0.76 Ru 1,51 Pt 0.93
Cr 1.03 Rh 1.23 Au 1.02
Mn 1.09 Pd 1,09 Th 0.73
Fe 0.90 Ag 1.21 U 0.66

Co 0.98 Sn 0.58
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Fig. 1 Possible mechanisms for the threshold sputtering of heavy
ions, where a primary recoil atom is produced at the first
collisions.
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MECHANISM 2
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Fig. 2 Possible mechanisms for the threshold sputteriﬂg of light
ions, where a primary rpcoilbatom is produced after several colli-
sions of the projectile.
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Fig.4 Schematics of the minimum energy loss in a three-collision

process (mechanism 1C), where

O gl = 0, =0l =030 = w2 - 0 4= (- 84 /4.
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P -

Fig. 5§ Schematic representation of the mechanism 1D, where a
primary recoil atom is produced at the first collision and the
rrimary recoil atom makes m collisions with target atoms before

knocking off a surface atom.
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Fig.6 Schematics of the minimum energy loss in a (m + 1) collision
process (mechanism 1C), where

0 gl = 0L = L. = 0 sl = /2 - 0 g = (- 0 5 )/ (mea),
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MECHANISM 2C

Fig. 7 Schematic representation of the mechanism 2C, where a
projectile makes (m + 1) collisions with target atoms before its
knocking off a surface atom.
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Fig.

where the solid one is an empirical relation which is given in

(59).
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Fig. 10 Comparison between the empirical formula (solid line) and
experimental data for Be target in the whole energy region.

H,He(0),D( D), .Roth.,quhdangky,Q'tt'enbérggr (1979)
He(®) ; Rosenberg, Wehner (1562)
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Fig. 11 Comparison between the empirical formula (solid line) and
experimental data for H and He ions on C target in the whole energy

region.
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Fig. 12 Comparison between the empirical formula (solid line) and

experimental data for D and Ar ions on C target in the whole energy
region.
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Fig. 14 Comparison between the empirical formula (solid line) and
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