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Abstract 

   With a Monte Carlo code ACAT, we have calculated sputtering yield of fifteen fusion-relevant 

mono-atomic materials (Be, B, C, Al, Si, Ti, Cr, Fe, Co, Ni, Cu, Zr, Mo, W, Re) with obliquely 

incident light-ions (H
+
, D

+
, T

+
, He

+
) at incident energies of 50 eV to 10 keV. An improved formula for 

dependence of normalized sputtering yield on incident-angle has been fitted to the ACAT data 

normalized by the normal-incidence data to derive the best-fit values of the three physical variables 

included in the formula vs. incident energy. We then have found suitable functions of incident energy 

that fit these values most closely. The average relative difference between the normalized ACAT data 

and the formula with these functions has been shown to be less than 10 % in most cases and less than 

20 % for the rest at the incident energies taken up for all of the combinations of the projectiles and the 

target materials considered. We have also compared the calculated data and the formula with available 

normalized experimental ones for given incident energies. The best-fit values of the parameters 

included in the functions have been tabulated in tables for all of the combinations for use. 
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1. Introduction 

D
+
, T

+
 ions will be used as fuel and He

+
 ions by-products from the nuclear reactions in ITER [1]. 

Light ions such as those ions strike obliquely the plasma-facing materials of fusion devices after 

moving along the magnetic field lines with gyrations which enter the materials. Then, target atoms will 

be ejected from the surface if they are recoiled by projectiles and transferred energy (normal to the 

surface) enough to overcome the surface potential barrier of a material. If sputtered atoms enter the 

core plasma after going through the boundary plasma which is located outside the core plasma, they 

possibly deteriorate it due to radiation loss and to diluting it [2]. So, the density of impurity ions in the 

core plasma is needed to be maintained within certain allowed levels. Be, C, and high-Z materials are 

candidates for the plasma-facing materials of the ITER. Thus, information on the sputtering yield of 

such plasma-facing materials with slantingly incident light-ions with a wide spread of energies is 

indispensable to understand impurity production and control in fusion devices. However, such 

information consists of a vast amount of data. Therefore, it is useful to use as a simple semi-empirical 

formula as possible which can easily provide sputtering yield data at any angle of incidence and 

incident energy for any combination of hydrogen-isotopic and helium ions and fifteen fusion-relevant 

mono-atomic materials (Be, B, C, Al, Si, Ti, Cr, Fe, Co, Ni, Cu, Zr, Mo, W, Re). 

Light-ion sputtering at small angles of incidence is due mainly to the knock-out of target atoms 

generated near the surface by ions backscattered from the deeper region of a solid [3-5], while, at 

oblique angles, the knock-out process of surface atoms triggered directly by incident ions becomes 

dominant [6,7]. The knock-out process at large angles is divided roughly into direct and indirect ones, 

where a ‘direct’ one means the direct knock-off of a surface atom by an incoming ion and an ‘indirect’ 

one the knock-off of a surface atom by an incident ion which is scattered just before by the other target 

atom near the surface. While only the indirect one works at oblique angles of incidence, the direct one 

plays a major role as the angle of incidence increases to grazing angles of incidence.  

Based on this mechanism, and taking also into account the probability that a projectile can enter 

the surface of a solid by adding a corresponding factor to a formula proposed by Sigmund [8], 

Yamamura et al. [6, 9] developed a semi-empirical formula that can fit sputtering yield data with 

obliquely incident light-ions, normalized by the normal-incidence one. However, the contribution from 

the direct knock-out process to the sputtering yield was not fully considered in this formula. Later, 

Yamamura et al. [7] improved above formula by taking into account the process fully. However, the 

improved formula does not have explicit incident-energy dependence. Recently, it has been extended 

by Ono et al. [10] by replacing the three physical variables involved in it with appropriate functions of 

incident energy of ions. They estimated the best-fit values of the parameters included in these 

functions using sputtering yield calculated with a Monte-Carlo code ACAT [11] for C, Fe and W 

materials bombarded by obliquely incident D
+
 ions in an incident energy region from 50 eV to 10 keV. 

They also indicated that the extended formula with these functions well reproduces the normalized 

sputtering yield data in the energy ranges considered. 

The present paper is to extend above work (i) by increasing the sort numbers of incident light-ions 

(H
+
, D

+
, T

+
, He

+
) and of fusion-relevant materials, (ii) by examining reproducibility of the extended 
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formula (hereafter, referred to as formula, shortly) and the ACAT data by comparing them with 

existing experimental data for normalized sputtering yield of the ion-target combinations treated at 

certain incident energies in the experiments, and finally (iii) by tabulating, for use, the estimated 

best-fit values of the parameters of the functions included in the formula in tables for all of the 

ion-target combinations considered here. 

Intermediately high-Z or high-Z target materials are prerequisite to the knock-out process 

described above so that it may take place effectively in such materials. On the other hand, beryllium, 

boron, and carbon materials are rather low-Z ones, and, so, it may work less effectively in these 

materials. However, if only one simple formula is capable of reproducing normalized sputtering yield 

at oblique angles of incidence even for such low-Z materials, then it would be convenient and useful 

for practical purposes. Thus, we have added, as a trade-off, these three materials to the target materials 

concerned here.  

 

2. Extended semi-empirical formula and calculation details 

   The improved formula [7] proposed to reproduce incident-angle dependence of normalized 

sputtering yield is expressed by 

 

  )1(,)1(exp)0,(),(  XΣTEYEY f

 

where T = (1+Asinθ)/cosθ, and X = 1/cosθ. Y(𝜃, E) and Y(0, E) on the left hand side of eq. (1) are 

sputtering yields at incident angles 𝜃 and 0 measured from the surface normal of a target material and 

at incident energy E of ions. The term sinθ included in T reflects the contribution of the direct 

knock-out process [7, 10]. The factor Σ corresponds to a physical quantity that is proportional to an 

effective scattering cross-section of the first layer of the target material for an incoming projectile, and 

the exponential exp (-Σ ) represents roughly a penetration probability that the projectile can go through 

the first layer of the material to sputter target atoms from the outermost layer. The expression 
fX was 

a factor proposed by Sigmund [8]. The quantities f, Σ, and A are all free parameters to be determined 

by adjusting the formula well to experimental or calculated data. 

   The appropriate functions of incident energy of ions introduced in eq. (1) in place of the quantities 

f, Σ, and A are as follows [10];  

 

  )2(,)(exp 421
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where ai , bi (i=1~4), cj (j=1~3), Ef, EΣ, and EA are all free parameters to be determined by the method 

mentioned below. 

As is cited above, to obtain sputtering yield data we have used the Monte-Carlo simulation code 

ACAT which treats atomic collisions in an amorphous target material to a binary collision 

approximation. We have simulated an amorphous material by using the so-called cell-model in which 

a target atom is assumed to be distributed at random in each unit cubic cell with a lattice constant R0 = 

N
-1/3

 (N is the number density of the target atoms) and the surface to be randomly rough in a depth of 

half a monolayer. We have used Kr-C potential [12] as an inter-atomic potential to simulate atomic 

collisions. More detailed descriptions on the inter-atomic potential and the energy loss models 

employed in the calculations are given in Ref.s [11, 13-15].  

Since we are now short of experimental data, published thus far, on incident-angle dependence of 

sputtering yield of above fusion-relevant materials irradiated by light ions, and since the data, if 

available, are not systematic, we have referred to calculated data with ACAT. The three parameters 

involved in eq. (1) have been determined by performing a gradient-search least-squares fit [16] of the 

formula to the ACAT data for target materials irradiated by light ions. By this method of least 

squares, the parameters have been incremented simultaneously, with the relative magnitudes adjusted 

so that the resultant direction of search in parameter space is along the gradient (or direction of 

maximum variation) of
2 . Then, the minimum values of

2 for several different functions with 

parameters for each of the three physical parameters determined above have been compared to derive 

finally the optimum function of incident energy. 

 

3. Results and evaluation of the extended semi-empirical formula 

First, we compare normalized sputtering yield by the formula, i.e., eq. (1), with that from the 

ACAT data for Be, Fe, and W target materials at two or three different values of incident energy in 

Figs. 1-12. Figs. 5 to 12 show the formula agrees very well with all the values for Fe and W materials 

bombarded by H
+
, D

+
, T

+
, He

+
 ions at incident angles and at incident energies. However, a little 

differences in the values calculated by the formula and the ACAT data exist at intermediately oblique 

angles of incidence and only at 10 keV for a Be target material, as displayed in Figs. 1-4. The average 

relative differences in the values by the formula with the best-fit functions and the ACAT data have 

been shown to be less than 10 % in most cases and less than 20 % for the rest at incident energies for 

all of the combinations of the projectiles and the target materials considered here. 

Second, we compare normalized sputtering yield given by the formula and the ACAT data with 

that by experiments [17, 18] done only in the energy range considered here for Be, C, Si, Fe, Ni, Cu, 

Mo, and W target materials in Figs. 13 to 51. From these figures, we can point out a general trend that 

normalized sputtering yield by the formula and the ACAT data is a little larger than that by the 
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experimental data, although there are some exceptions. The tendency can be explained qualitatively as 

follows: ACAT assumes a flat surface, although it considers randomness of the surface in a one-half of 

R0: in contrast, the surfaces of the target materials used in experiments are possibly rough to some 

degrees in a microscopic scale and are possibly composed partly of numerous smaller surfaces whose 

outward normal lines point roughly to the direction of incoming ions, resulting in reducing effective 

angles of incidence: as discussed above, since the direct knock-out process works more effectively as 

angle of incidence becomes larger, this effect gives rise to weaken the contribution from the process to 

the sputtering yield: as a result, incident-angle dependence of normalized sputtering yield by ACAT 

calculations is possibly larger than that by experiments. 

In what follows, the other tendencies of normalized sputtering yield calculated from the three 

origins in question obtained from the comparisons are summarized. 

(i) The normalized sputtering yield by the formula, the ACAT data, and the experiments agrees well 

with each other for Si, Ni, Mo, and W target materials, as shown in Figs. 29 and 30, 33-38, 45-50, and 

51. 

(ii) The normalized sputtering yield given by the three origins is in close agreement with each other for 

Be material hit by D
+
 ions with 300 eV and 3 keV, and He

+
 ions with 3 keV at an incident angle of 50

o
, 

while that by the formula and the ACAT data differs somewhat from the one by the experiment at 80
o
, 

as shown, respectively, in Figs. 13-15.  

(iii) For B material, while the yield by the formula and the ACAT data does not agree with that by the 

experimental data for incidence of 400 eV D
+
 ions, it fits each other quite well at 8 keV, as 

demonstrated in Figs. 16 and 17.    

(iv) The symbols used in the following to represent the types of carbon materials are explained in 

Table 1. For C materials, relative differences in the yield due to the three origins depend strongly on 

the degree of surface roughness like 

(iv-a) the yield by the three origins for C/UCHOPG material hit by 1 keV H
+
 ions coincides very well 

with each other at angles of incidence smaller than 75
o
, while that by the formula and the ACAT data 

differs to some extent from the one by the experimental data at 75
o
, as illustrated in Fig. 18, 

(iv-b) the yield by the three origins for C/UC pol. material irradiated by D
+
 ions with 350 eV, 1 keV, 

and 2 keV coincides with each other quite well, excep for the case at 350 eV and at 80
 o
 for which 

some difference in the yield exists, as shown in Figs. 19-21, where the surface roughness existed for 

the 2 keV case [17], 

(iv-c) the yield of C/UC- material hit by 50 eV D
+
 ions obtained by the experiment differs largely from 

that by the formula and the ACAT data, while the former still disagrees to some extent with the latter 

with 2 keV D
+
 ions, as illustrated in Figs. 22 and 23, where the surface was indicated to be rough to a 

higher degree than that of the C/UC pol. material for the 2 keV case [17], and where chemical erosion 

was observed to increase the yield with 50 eV D
+
 ions and at room temperature [17], 

(iv-d) the yield of C/UCI pol. material with 2 keV H
+
 ions, by the three origins, fits closely each other, 

as displayed in Fig. 24, where the surface is pointed out to be rough to some degree [17], 

(iv-e) the yield of C/UCI material with 2 keV He
+
 ions by the experimental data agrees rather closely 
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with that due to the rest origins, as figured out in Fig. 25, where the surface roughness existed [17], 

(iv-f) the yield of C/POCO material by the experimental data for H
+
, D

+
, and He

+
 ions with 2 keV, does 

not increase with increasing angle of incidence so highly as that due to the other origins, and, thus, has 

a large difference from that due to the other origins, as shown in Figs. 26-28, where the surface of the 

material is indicated to be more rough than that of the C/UC- material irradiated by 2 keV D
+
 ions and 

that of the C/UCI material hit by 2 keV He
+
 ions [17]. 

This result suggests that the amorphous target model with a flat surface employed in the ACAT is not 

possibly adequate to simulate materials with high degrees of surface roughness. 

(v) The yield by the formula and the ACAT data fits rather poorly that by the experimental data for Fe 

material bombarded by 4 keV H
+
 ions, while doing rather good at 8 keV, as figured out in Figs. 31 and 

32. 

(vi) The yield by the formula and the ACAT data agrees rather well with that by the experimental data 

for Cu material bombarded by D
+
 ions with 100 eV and 300 eV, while doing poorly at 50 eV, 1 keV, 

and 3 keV, and by He
+
 ions at 1 keV, as figured out in Figs. 39-44.  

The experimental result [19] using Cu material whose surface was rough shows that sputtering yield 

does not increase with increasing angle of incidence. This trend supports possibly the results using D
+
 

ions at 300 eV, 3 keV, and He
+
 ions at 1 keV, on condition that the surfaces of the Cu materials used in 

these experiments were also rough to high degrees. 

   In Tables 2-5, we list the best-fit values of the parameters involved in the functions representing 

physical parameters f, Σ, and A used in the improved semi-empirical formula for normalized sputtering 

yield of fusion–relevant mono-atomic target materials (Be, B, C, Al, Si, Ti, Cr, Fe, Co, Ni, Cu, Zr, Mo, 

W, Re) irradiated by H
+
, D

+
, and He

+
 ions.       

 

4. Summary 

   With the Monte Carlo code ACAT which treats atomic collisions in a target material to a binary 

collision approximation, we have calculated sputtering yield of fifteen fusion-relevant mono-atomic 

materials (Be, B, C, Al, Si, Ti, Cr, Fe, Co, Ni, Cu, Zr, Mo, W, Re) with obliquely incident light-ions 

(H
+
, D

+
, T

+
, He

+
) with incident energies of 50 eV to 10 keV. By referring to the ACAT data, we have 

determined the best-fit values of the parameters involved in the three functions of incident energy 

which had been introduced before into the improved semi-empirical formula for dependence of 

normalized sputtering yield on incident angle. We have evaluated the extended semi-empirical formula 

with the values derived from the ACAT data and the available experimental data. 

The average relative differences in the values by the extended semi-empirical formula and by the 

ACAT data have been shown to be less than 10 % in most cases and less than 20 % in the rest cases at 

incident energies for all of the combinations of the projectiles and the target materials considered here. 

From comparison of normalized sputtering yield calculated by the formula and the ACAT data 

with that by experimental data, the formula and the ACAT data have been shown to give generally a 

little higher values than those by the experimental data. This tendency has been explained qualitatively 

by the knock-out process if we assume that the surfaces of the target materials used in the experiments 
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were rough. However, since sputtering yield of a material with a high degree of surface roughness   

does not increase with increasing angle of incidence so sharply as that of a material with a flat surface, 

the yield by the formula and the ACAT data has failed in reproducing that by the experiments using the 

target materials with enhanced degrees of surface roughness. The other detailed tendencies of 

normalized sputtering yield by the three origins obtained from the comparisons have been summarized 

in the following. 

(i) The normalized sputtering yield by the formula, the ACAT data, and the experimental data agrees 

well with each other for Si, Ni, Mo, and W target materials. 

(ii) The yield given by the three origins fit well with each other for Be material hit by D
+
 ions at an 

incident angle of 50
o
, while that by the formula and the ACAT data differs somewhat from the one by 

the experiment at 80
o
. 

(iii) The yield for B material hit by 400 eV D
+
 ions given by the formula and the ACAT data does not 

fit that by the experimental data, while it agrees with each other quite well at 8 keV. 

(iv) For C materials, relative differences in the normalized sputtering yield due to the three origins 

depend strongly on the degree of surface roughness like 

(iv-a) the yield by the three origins for C/UCHOPG material hit by 1 keV H
+
 ions coincides very well 

with each other at angles of incidence smaller than 75
o
, while that by the formula and the ACAT data 

differs to some extent from the one by the experimental data at 75
o
, 

(iv-b) the yield by the three origins for C/UC pol. material irradiated by D
+
 ions with 350 eV, 1 keV, 

and 2 keV coincides with each other quite well, excep for the case at 350 eV and at 80
 o
 for which 

some difference in the yield exists, where the surface roughness existed for the 2 keV, 

(iv-c) the yield of C/UC- material hit by 50 eV D
+
 ions obtained by the experiment differs largely from 

that by the formula and the ACAT data, while the former still disagrees to some extent with the latter 

with 2 keV D
+
 ions, where the surface was indicated to be rough to a higher degree than that of the 

C/UC pol. material for the 2 keV case, and where chemical erosion was observed to increase the yield 

with 50 eV D
+
 ions and at room temperature, 

(iv-d) the yield of C/UCI pol. material with 2 keV H
+
 ions, by the three origins, fits closely each other, 

where the surface is pointed out to be rough to some degree, 

(iv-e) the yield of C/UCI material with 2 keV He
+
 ions by the experimental data agrees rather closely 

with that due to the rest origins, where the surface roughness existed, 

(iv-f) the yield of C/POCO material by the experimental data for H
+
, D

+
, and He

+
 ions with 2 keV, does 

not increase with increasing angle of incidence so highly as that due to the other origins, and, thus, has 

a large difference from that due to the other origins, where the surface of the material was indicated to 

be more rough than that of the C/UC- material irradiated by 2 keV D
+
 ions and that of the C/UCI 

material hit by 2 keV He
+
 ions. 

 (v) The yield of Cu material bombarded by D
+
 ions by the formula and the ACAT data accords rather 

well with that by the experimental data for 100 eV and 300 eV, while doing poorly for 50 eV, 1 keV, 

and 3 keV, and by He
+
 ions with 1 keV. 

Finally, we have listed in the tables the best-fit values of the parameters involved in the functions 
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representing physical parameters f, Σ, and A used in the semi-empirical formula for normalized 

sputtering yield of fusion–relevant mono-atomic target materials (Be, B, C, Al, Si, Ti, Cr, Fe, Co, Ni, 

Cu, Zr, Mo, W, Re) irradiated by H
+
, D

+
, and He

+
 ions. 

   It is needless to say that sputtering yield for any combination of a projectile and a target material 

mentioned above, at any incident energy and incident angle, can be calculated by eq. (1), i.e., from the 

extended semi-empirical formula presented here and a formula for sputtering yield for normal 

incidence [13].       
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Table 1 Explanation of the symbols representing types of carbon materials in the text and Figs 18-28. 

 

  Symbol                      Explanation                                Sources 

 C/UCHOPG    Highly oriented polycrystalline pyrolytic graphite of Union Carbide    [1] 

C/UC pol.      Polished pyrolytic graphite of Union Carbide                      [2] 

C/UC-         Pyrolytic graphite (basal plane) of Union Carbide                  [2] 

C/UCI pol.     Polished pyrolytic graphite of Union Carbide                      [2] 

C/UCI         Pyrolytic graphite (edge plane) of Union Carbide                 [3] 

C/POCO       POCO graphite of POCO Graphite                             [2], [3] 

 

Sources: 

[1] A.A. Haasz, J.W. Davis, C.H. Wu, J. Nucl. Mater. 162-164 (1989) 915. 

[2] J. Roth, W. Eckstein, E. Gauthier, J. Laszlo, Nucl. Mater. 179-181 (1991) 34. 

[3] J. Roth, Physical sputtering of solids at ion bombardment, in: Physics of Plasma-Wall 

 Interactions in Controlled Fusion, eds. D.E. Post, R. Behrisch, (Plenum 1986), p. 351.   
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Fig. 1 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Be material irradiated by H
+
 ions 

with 100eV, 1keV, and 10keV. 

 

 

Fig. 3 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Be material irradiated by T
+ 

ions 

with 100eV, 1keV, and 10keV. 

 

Fig. 2 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Be material irradiated by D
+
 ions 

with 100eV, 1keV, and 10keV. 

 

 

Fig. 4 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Be material irradiated He
+
 by 

ions with 100eV, 1keV, and 10keV. 

10
-1

10
0

10
1

10
2

0 30 60 90

H-Be(100eV,1keV,10keV)

ACAT(100eV)

calculation(100eV)

ACAT(1keV)

calculation(1keV)

ACAT(10keV)

calculation(10keV)

N
o
rm

al
iz

ed
 S

p
u
tt

er
in

g
 Y

ie
ld

Incident angle  (degree)

10
-1

10
0

10
1

10
2

0 30 60 90

T-Be(100eV,1keV,10keV)

ACAT(100eV)
calculation(100eV)
ACAT(1keV)
calculation(1keV)
ACAT(10keV)
calculation(10keV)

N
o
rm

al
iz

ed
 S

p
u
tt

er
in

g
 Y

ie
ld

Incident angle (degree)

10
-1

10
0

10
1

10
2

0 30 60 90

D-Be(100eV,1keV,10keV)

ACAT(100eV)
calculation(100eV)
ACAT(1keV)
calculation(1keV)
ACAT(10keV)
calculation(10keV)

N
o
rm

al
iz

ed
 S

p
u
tt

er
in

g
 Y

ie
ld

Incident angle (degree)

10
-1

10
0

10
1

10
2

0 30 60 90

He-Be(100eV,1keV,10keV)

ACAT(100eV)
calculation(100eV)
ACAT(1keV)
calculation(1keV)
ACAT(10keV)
calculation(10keV)

N
o
rm

al
iz

ed
 S

p
u
tt

er
in

g
 Y

ie
ld

Incident angle (degree)

14



 

 

 

Fig. 5 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Fe material irradiated by H
+ 

ions 

with 200eV, 1keV, and 10keV. 

 

 

Fig. 7 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Fe material irradiated by T
+ 

ions 

with 100eV, 1keV, and 10keV. 

 

Fig. 6 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Fe material irradiated by D
+ 

ions 

with 100eV, 1keV, and 10keV. 

 

 

Fig. 8 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for Fe material irradiated by He
+ 

ions 

with 100eV, 1keV, and 10keV. 
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Fig. 9 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for W material irradiated by H
+ 

ions 

with 1keV and 10keV. 

 

 

Fig. 11 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for W material irradiated by T
+ 

ions 

with 350 eV, 1keV, and 10keV. 

 

Fig. 10 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for W material irradiated by D
+ 

ions 

with 350eV, 1keV, and 10keV. 

 

 

Fig. 12 Normalized sputtering yield vs. incident 

angle by the formula with the functions and the 

ACAT data for W material irradiated by He
+ 

ions 

with 350 eV, 1keV, and 10keV. 
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Fig. 13 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Be 

material irradiated by D
+ 

ions with 300eV. 

 

 

 

Fig. 15 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Be 

material irradiated by He
+ 

ions with 3keV. 

 

 

 

Fig. 14 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Be 

material irradiated by D
+ 

ions with 3keV. 

 

 

 

Fig. 16 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for B 

material irradiated by D
+ 

ions with 400eV. 
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Fig. 17 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for B 

material irradiated by D
+ 

ions with 8keV. 

 

 

 

Fig. 19 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for C/UC 

pol. material irradiated by D
+ 

ions with 350eV. 

 

 

 

Fig. 18 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for 

C/UCHOPG material irradiated by H
+ 

ions with 

1keV. 

 

 

Fig. 20 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for C/UC 

pol. material irradiated by D
+ 

ions with 1keV. 
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Fig. 21 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for C/UC 

pol. material irradiated by D
+ 

ions with 2keV. 

 

 

 

Fig. 23 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for C/UC- 

material irradiated by D
+ 

ions with 2keV. 

 

 

 

Fig. 22 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for C/UC- 

material irradiated by D
+ 

ions with 50eV. 

 

 

 

Fig. 24 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for C/UCI 

pol. material irradiated by H
+ 

ions with 2keV. 
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Fig. 25 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for C/UCI 

material irradiated by He
+ 

ions with 2keV. 

 

 

 

Fig. 27 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for 

C/POCO material irradiated by D
+ 

ions with 

2keV. 

 

 

Fig. 26 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for 

C/POCO material irradiated by H
+ 

ions with 

2keV. 

 

 

Fig. 28 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for 

C/POCO material irradiated by He
+ 

ions with 

2keV. 
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Fig. 29 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Si 

material irradiated by He
+ 

ions with 200eV. 

 

 

 

Fig. 31 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Fe 

material irradiated by H
+ 

ions with 4keV. 

 

 

 

Fig. 30 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Si 

material irradiated by He
+ 

ions with 3keV. 

 

 

 

Fig. 32 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Fe 

material irradiated by H
+ 

ions with 8keV. 
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Fig. 33 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Ni 

material irradiated by H
+ 

ions with 450eV. 

 

 

 

Fig. 35 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Ni 

material irradiated by H
+ 

ions with 4keV. 

 

 

 

Fig. 34 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Ni 

material irradiated by H
+ 

ions with 1keV. 

 

 

 

Fig. 36 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Ni 

material irradiated by H
+ 

ions with 8keV. 
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Fig. 37 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Ni 

material irradiated by D
+ 

ions with 1keV. 

 

 

 

Fig. 39 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Cu 

material irradiated by D
+ 

ions with 50eV. 

 

 

 

Fig. 38 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Ni 

material irradiated by He
+ 

ions with 4keV. 

 

 

 

Fig. 40 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Cu 

material irradiated by D
+ 

ions with 100eV. 
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Fig. 41 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Cu 

material irradiated by D
+ 

ions with 300eV. 

 

 

 

Fig. 43 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Cu 

material irradiated by D
+ 

ions with 3keV. 

 

 

 

Fig. 42 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Cu 

material irradiated by D
+ 

ions with 1keV. 

 

 

 

Fig. 44 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Cu 

material irradiated by He
+ 

ions with 1keV. 
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Fig. 45 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Mo 

material irradiated by H
+ 

ions with 2keV. 

 

 

 

Fig. 47 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Mo 

material irradiated by D
+ 

ions with 450eV. 

 

 

 

Fig. 46 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Mo 

material irradiated by H
+ 

ions with 8keV. 

 

 

 

Fig. 48 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Mo 

material irradiated by D
+ 

ions with 2keV. 
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Fig. 49 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Mo 

material irradiated by D
+ 

ions with 8keV. 

 

 

 

Fig. 51 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for W 

material irradiated by H
+ 

ions with 4keV. 

 

 

 

Fig. 50 Normalized sputtering yield vs. incident 

angle by the formula with the functions, the 

ACAT data, and the experimental data for Mo 

material irradiated by He
+ 

ions with 4keV. 
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