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Abstract

To fill a lack in sputtering yield data for a B,C material which may be a promising plasma-facing

material in fusion devices, yields of H*, D*, T+, He*, B*, C*, Ne*, Ar* and Kr ™ ions were
calculated for this multi-component material for normal incidence with a computer simulation code
ACAT. A fitting formula of sputtering yield for a B,C was proposed based on an empirical formula
for monoatomic target materials at normal incidence. By fitting the formula to the calculated data,
best-fit values of the parameters included in it were derived for the material. Good agreement was
found between the formula and the data. Thus, the formula proposed for the multi-component

material provides a way to estimate the erosion of a B,C material irradiated with above ions at normal

incidence. Preferential sputtering for this material was also mentioned briefly
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1. Introduction

In fusion devices the areas of the materials facing a plasma have to receive large fluxes of
energy and particles. For a magnetically confined plasma, these fluxes are concentrated on divertor
plates or limiters, so that these materials may be seriously damaged and eroded. Impurities, which
are the constituents of the materials, are then generated through erosion. Impurity reduction is an
important problem for fusion plasmas, since impurities introduced then into a core plasma cause core
plasma cooling by radiation and dilution of the fuel. To prevent accumulation of irpurities in a core
plasma, erosion of plasma-facing materials in a fusion device should be very low.

Boronization, a recently developed wall conditioning, is a thin boron coating onto plasma-
facing surfaces using a boron-containing gas mixture. Boronization executed in major tokamaks has
proved to be effective to reduce metallic impurities and oxygen as well.1-®) The thickness of the
boron layers used was usually limited to an order of several 100nm. However, such thin layers are
not sufficent to keep lower the impurity level and recycling hydrogen for many high-power
discharges. Hence, a few hundred micrometers thick B 4C layers have been prepared and investigated

on their hydrogen retention characteristics.”) Tt was shown that B 4C has a lower release temperature
of implanted deuterium than graphite which is a commonly used plasma-facing material in fusion
devices. In addition, B,C was installed in the tokamaks as divertor tiles or coatings 8-> By the

combined effects of boronization with decaborane and the boron burst from the B 4C tiles, oxygen
impurity was reduced to the noise detection level.®) The B 4C coatings also showed excellent

durability under a real tokamak divertor plasma.®) Thus, B,C is thought to be one of the potential
candidates for plasma-facing materials in fusion devices.

Sputtering is one of the main processes of erosion of a material exposed to ion bornbardment.
Sputtering yield depends strongly on the incident energy of a projectile. Hence, it is important to
know energy dependence of ion-induced sputtering yield of plasma ions for B +C. The experimental
data available now are not enough for the purpose. To fill a lack in the yield data for this material,
sputtering yield was calculated for nine kinds of ions at normal incidence. The ions are H*, D¥, T+,
He*, B*, C*, Ne*, Art and Kr*. The calculations were done for the multi-component target with a
Monte Carlo simulation code ACAT!® in a wide range of incident energy. The calculated data of
sputtering yield will be compared with the experimental data. Then, based on a Yamamura and
Tawara formula!!) that represents sputtering yield for monoatomic target materials at normal
incidence, a fitting formula of sputtering yield fora B 4C material will be proposed. By fitting the

formula to above calculated data. four unknown parameters included in the formula will be
determinded. In particular, sputtering threshold energy, which is one of these parameters, will be
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presented in a functional form.
Preferential spuitering for this material will also be referred to briefly.
2. Fitting Formula of Sputtering Yield for Multi-Component Materials

Based on the Yamamura and Tawara formula for monoatomic target materials, an empirical

fitting formula for multi-component materials Y (E) is proposed:

E] A
Y(E) = 004225 % Sn(B)> L [1- E—ﬂ , ()
<U> 141 <k.£ >

where the factor I has the following form:

I = W ) (2)
1+(My/7)>
where M | is the mass of a projectile in u: E is the incident energy of a projectile: £, is the sputtering
threshold energy: the numerical factor is expressed in units of Ao, W, E,, and s are the fitting

parameters of a target material: among those, O and W depend on a target material, while E; is a

function of a mass ratio of a projectile and a mean mass of atoms in a target material: the latter mass is
defined as

<M2> =ECkMk , (3)

where ¢, and M, are the constituent ratio and the mass of a k-atom of a multi-component material: the
power s in eq.(1) is slightly dependent on both a projectile and a target material: the physical
quantities other than Q, W, E,, and s in egs.(1} and (2) are derived uniquely from the ones fora

monoatomic material: <U is the effective surface binding energy of a multi-component material and
it is defined as

<U>:LE_CkUk , (4)
where U, means the surface binding energy of a pure k-material: the term <a”S_> is calculated as

<a*Sn(E)> =X ck o (M MDSE) (5)

where the best-fit values of & are given for monoatomic materials as a function of a mass ratio

M /M, in the form oft )



o = 0.249(M/M1)°*36+0.0035(MyM )1 M=M;

6
= 0.088(My/ M) O 154+0.165(M/M) . Mi<M; ©)
S, (£) is the nuclear stopping cross-section of a k-atom and it is expressed as
SoE) = 84.78 L1 2k M5 ey ) 0

(212/3+Zk2/3)1/2 Mq+M;

in units of eV A %/atom; Z, is the atomic number of a k-atom: 5, T(g,) is the reduced nuclear stopping

cross-section and it is approximated'?) by

3.441Vg In(e+2.718)
146.355Y5.+646.8821 &-1.708)

S;{F(Sk) =

(8)

where €, is areduced energy and it is given by

£r= 0.03255 — MMf;w E (CV) ] (9)

The term <k & 035 is given as

<ko€ 93> = Z crke g, (10)

where k_, is the Lindhard electronic stopping coefficient!® of a k-atom and it is defined as

o MMy 707,17

ket = 0.07 32,7 172 3/4
MM (2 1P+z3”

(1)

3. Calculated Yield Data and Fitting Procedure

Sputtering yield of a B,C material was calculated for monoenergetic ions with normal

incidence in the energy range of a few tens to 10* eV or higher. The calculations were done for the
multi-component target with a Monte Carlo simulation code ACAT!?) that simulates atomic collisions

in an amorphous target material based on a binary collision approximation. The density of 2 B,C

material considered is 2.52[g/cm?]. The effective surface binding energy for an i-atom in a multi-
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component material U, is given byl4.15
U,:%'CkUik s (12)

where

Uik=%(U;,+Uﬁ) , (13)

where U, is the nearest neighbor i~/ bond strength and similarly for Uy, and U, ;1 U;; and U, are

approximated by the heats of sublimation of pure elemental i- and j-materials. For self-sputtering for
B*and C* ions, reflection of the incident ions is not included in the yield values. The calculated data
marked with stars are shown in Figs.1-9. The data marked with "A" in these figures are those
obtained by experiments'6-1®) and compiled by Eckstein et al.'®’ Good agreement is seen between

the calculated and the experimental data for H*, D* and C* ions if the data scattering is taken into
account at the same energies for the experimental data. Slight differences between the ACAT data and

the experiments, however, exist for He' and Ne™ ions.

From eq.(2), I' are expected to become much smaller than unity for large M, considering

that the values of W are 4.39 and 1.70 for B and C.'" From egs (9)-(11), the term <k € **> can be

shown easily to be also much smaller than unity for large M in the energy range concerned.
Because of these facts, the term I" <k € 935 in eq.(1) can be neglected for large M ;. Thus, the best-
fit values of O, E,; and s are obtained first by fitting the formula to the yield data for alarge M,. I’

appproaches W in eq.(2) for small M, i.e., M, of hydrogen or deuterium. The term "<k € 0.3,
affects the formula in the high energy for small M. Secondly, with the use of these facts and the
value of Q calculated above, the best-fit values of W, E th and s are calculated by fitting the formula

to the data for hydrogen or deuterium. Finally, with the values of O and W derived above, the best-
fit values of E ; and s are derived by fitting the formula to the data for intermediately large M

4. Results
The calculated data of sputtering vield distribute systematically over a wide range of incident
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energy for all the ions considered, while the experimental data are scattered for H* and D ions and
are lacking for T+ and B* ions. Hence, fitting of the yield formula was done with the calculated data.
The result is shown with the thick solid lines in Figs.1-9.The power s in eq.(1) for B 4C has a best-fit

functional form of

_ 10M,
1+4M,

(14

The best-fit values of Qand W derived by these fits are listed in Table 1, together with the other
physical quantities included in the empirical formula. Through these fittings good agreement was
achieved between the yield formula and the calculated data. The symbols in Fig. 10 represent the
best-fit values of E divided by <U>. Using these data, a best-fit functional form of £ o, Was

adopted:
2
Ep _12.12-5.35(<My>/M)+2.2(<M»>/M1) M, 2 <My>
<> Y (13
2
=1+3,7(M1/<M2>);:4.29(M1/<Mz>) j M, < <My>

where <M ,> is the mean mass of atoms in a B,C material and it is expressed as

<M2>=% cL My . M (16)

¥ corresponds to the energy transfer factor for an elastic collision and it is defined as

__AM<My>
(M1+<M2>)2

(17)

The curve shown in Fig.10 is drawn using eq.(15). From this figure, good agreement is clear
between eq.(15) and above-mentioned data. The thin solid lines in Figs.1-9 mean yield curves with
threshold energies calculated with eq.(15). Good agreement is seen again between the ACAT data
and the emprical formula. This result indicates that sputtering yield with a B 4C material may be
esttmated for unlisted ions with the present empirical formula.

Preferential sputtering occurring for a B, C material is illustrated with the case of H* ion



incidence as shown in Fig.11. The circles indicate a ratio of a partial sputtering yield of boron and
the total sputtering yield which was shown in Fig.1, while the squares show that of a partial
sputtering yield of carbon and the total sputtering yield. This figure indicates that carbon atoms are
not sputtered for incident energies lower than the sputtering threshold energy of carbon atoms. Such

strong preferential sputtering will drastically modify the surface composition of a B,C material when

that material is exposed to low-temperature plasma ions for a long time.

5. Conclusion

To fiil a lack in the sputtering yield data for B,C, sputtering yields were calculated for this

multi-component material with a computer-simulation code ACAT for normal incidence of HY, D*,
T+, Het, B, C+, Ne*t, Ar* and Kr* ions. Fairly good agreement was found between the calculated
and the experimental data. A fitting formula of sputtering yield for a multi-component material of a
B,C was made based on an empirical formula for monoatomic target materials at normal incidence.
By fitting it to the calculated data, best-fit values of the four parameters included in the formula were
derived. From comparison with the data, the formula agreed well with all the data. Thus, it provides
a way to estimate the erosion of a B,C material irradiated with above ions at normal incidence. There
is no ambiguity in the formula for a projectile, because the parameters included in the formula are

functions of the physical quantities of a B,C and its constituent materials and of a mass ratio of a

projectile and a mean mass of atoms in the target material. This indicates that sputtering yield of the

material may be estimated for unlisted ions with the present formula. Fitting of the formula for the
other multi-component materials is in progress.

It was also pointed out that strong preferential sputtering takes place for this material at
incident encrgies lower than about 107 V. A detailed study of this phenomenon for the material, in

which changes of the surface composition due to ion doses are taken into account, is also in progress.



References

1) J.Winter, H.G.Esser, L.Konen, V.Philipps, H.Reimer, J.von Seggern, J.Schliiter,

E.Vietzke, F.Waelbroeck, P.-Wienhold, T.Banno, D.Ringer and S.Veprek : J. Nucl.
Mater. 162-164(1989)713.

2) U.Schaewderetal. : J. Nucl. Mater. 176&177(1990)350.

3) Ch.Hollenstein, B.P.Duval, T.Dudok de Wit, B.Joye, H.J Kiinzli, P.Oelhanfen,
R.Zehringer, R.Hauert and EM.Moser : J. Nucl. Mater 176&177(1990)343.

4) H.FDyllaetal. : J. Nucl. Mater 176&177(1990)337.

5) J.Phillips, THodapp, G.L.Jackson, R.Moyer, }.Watkins and J Winter : J. Vac. Sci.
Technol. A10(1992)1252

6) M.Saidohetal. : Jpn. J. Appl. Phys. 32(1993)3276.
7) R.Jimbou, M.Saidoh, N.Ogiwara and T.Ando : J. Nucl. Mater. 196—198(1992)958.

8) S.Higashijima, T.Sugie, H.Kubo, S.Tsuji, M.Shimada, N.Asakura, N.Hosogane,
YKawano, HNakamura, K Hami, A Sakasai, K Shimizu, T.Ando and M.Saidoh : I.
Nucl. Mater 220-222(1995)375.

9) O.1.Buzhinskij, LV.Opimach, V.A Barsuk, V.G.Otrozhenko, A M.Zhitlukhin,
Al Trazhenkov, W.P.West, P.Trester, P.Valentine, R.D.Watson, D.L.Youchinson,
J.M.Gahl and J. F.Crawford : J. Nucl. Mater. 220-222(1995)922.

10) Y Yamamura and YMizuno : IPPJ-AM-40(Inst. Plasma Physics, Nagoya University, 1985).
11) Y. Yamamura and H.Tawara : to be published in At. Data and Nucl. Data Tables.

12) N.Matsunami, Y Yamamura, Y.itikawa, N.itoh, YKazumata, S.Miyagawa, K .Morita,
R.Shimizu and H.Tawara : At. Data Nucl. Data Tables 37(1984)1.

13) J.Lindhard and M.Scharff : Phys. Rev. 124(1961)128.

14) R Kelly : Nucl. Instr. Meth. 149(1978)553.

15) R.Kelly : Surface Sci. 100(1980)85.

16) E.Gauthier, W.Eckstjein, J.Laszl6 and J.Roth : J. Nucl. Mater. 176&177(1990)438.

17) J.Roth, J.Bohdansky and A.P.Martirelli : Radiat. Eff. 48(1980)213.

18) J.Bohdansky, H.L.Bay and W.Ottenberger : J. Nucl. Mater. 76&77(1978)163.

_8_




19) W.Eckstein, C.Garcia-Rosales, J.Roth and W.Ottenberger : IPP 9/82(Inst. Plasma Physics,
Garching, Germany, 1993).



Figure Captions

Fig.1:

Fig 2:

Fig.3:

Fig.4:

Fig.5:

Fig.6:

Fig.7:

Fig 8:

Energy dependence of sputtering yield of B,C.with H*. The thick and thin solid lines mean

yield curves with the best-fit threshold energy and that calculated by eq.(15), respectively.
<M,>=11.05, <M,>/<M;>=10.96, Q= 170, <U> = 6.09eV, W=1.75, s =2.00.

Energy dependence of spuitering yield of B,C.with D*. The thick and thin solid lines mean

yield curves with the best-fit threshold energy and that calculated by eq.(135), respectively.
<M,>=11.05, <M,>/<M>=3549, Q= 170, <U>=6.09V, W= 1.75, s =2.22.

Energy dependence of sputtering yield of B,C.with T*. The thick and thin solid lines mean

yield curves with the best-fit threshold energy and that calculated by eq.(15), respectively.
<M,>=11.05, <M,>/<M,>=13.66, Q= 1.70, <U>=6.09%V, W=1.75, s =2.31.

Energy dependence of sputtering yield of B,C.with He*. The thick and thin solid lines mean
yield curves with the best-fit threshold energy and that calculated by eq.(15), respectively.
<M,>=11.05, <M,>/<M>=276, Q=1.70, <U>=6.09V, W=1.75, s =2.35.

Energy dependence of spuitering yield of B,C.with B*. The thick and thin solid lines mean

yield curves with the best-fit threshold energy and that calculated by eq.(15), respectively.
<M,> = 11.05, <M,>/<M;>=1.02, Q= 1.70, <U> = 609V, W=1.75, s =2.44.

Energy dependence of sputtering yield of B,C.with C*. The thick and thin solid lines mean

yield curves with the best-fit threshold energy and that calculated by eq.(13), respectively.
<My>=11.05, <M,>/<M,>=092, Q=1.70, <U>=6.09%V, W=1.75, s =2.45.

Energy dependence of sputtering yield of B,C.with Ne*. The thick and thin solid lines mean

vield curves with the best-fit threshold energy and that calculated by eq.(15), respectively.
<M,>=11.05, <M,>/<M,>=0.55, Q=1.70, <U>=6.09eV, W=1.75, s =2.47.

Energy dependence of sputtering yield of B 4C.with Ar*. The thick and thin solid lines mean
yield curves with the best-fit threshold energy and that calculated by eq.(15), respectively.
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<M,>=11.05, <M,>/<M;>=10.28, Q=1.70, <U>=6.09¢V, W=1.75, s =2.48

Fig.9: Energy dependence of sputtering yield of B,C.with Kr™. The thick and thin solid Iines mean

yield curves with the best-fit threshold energy and that calculated by eq.(15), respectively.
<M,> = 11.05, <M,>/<M;>=0.13, Q=1.70, <U>=6.09¢V, W=1.75, s =2.49.

Fig.10: Relative sputtering threshold energy of B,C as a function of a mass ratio <M,>/<M >. The

symbols correspond with the best-fit values of E,; adopted for the yield fittings.

Fig.11: Energy dependence of ratios of partial sputtering yields of B and C and total sputtering yield

of B,C. The circles correspond with the former ratio and the squares with the latter one.

Table caption

Table 1: Physical parameters included in the empirical formula.
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Table 1
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Sputtering yield (atoms/ion)
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Sputtering yield (atomsf/ion)
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Sputtering yield (atoms/ion)
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Sputtering yield (atoms/ion)
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Sputtering yield (atomsfion)
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NIFS-DATA-15

NIFS-DATA-16

NIFS-DATA-17

NIFS-DATA-18

NIFS-DATA-19

NIFS-DATA-20

T. Kaneko, T. Nishihara, T. Taguchi, K. Nakagawa, M. Murakami,
M. Hosono, S. Matsushita, K. Hayase, M.Moriya, Y .Matsukuma,
K.Miura and Hiro Tawara,

Partial and Total Electronic StoppingCross Sections of Atoms Jora
Singly Charged Helium Ion: Part I;Mar. 1991

Hiro Tawara,
Total and Partial Cross Sections of Electron Transfer Processes for

Be9* and BI* Ions in Collisions with H, H, and He Gas Targets -

Status in 1991-; June 1991

T. Kaneko, M. Nishikori, N. Yamato, T. Fukushima, T. Fujikawa,

S. Fujita, K. Miki, Y. Mitsunobu, K. Yasuhara, H. Yoshida and

Hiro Tawara,

FPartial and Total Electronic Stopping Cross Sections of Atoms for a
Singly Charged Helium Ion : Part II; Aug. 1991

T. Kato, K. Masai and M. Arnaud,
Comparison of Ionization Rate Coefficients of Ions from Hydrogen
through Nickel ; Sep. 1991

T. Kato, Y. Itikawa and K. Sakimoto,
Compilation of Excitation Cross Sections for He Atoms by Electron
Impact; Mar. 1992

T. Fujimoto, F. Koike, K. Sakimoto, R. Okasaka, K. Kawasaki,

K. Takiyama, T. Oda and T. Kato,

Atomic Processes Relevant to Polarization Plasma Spectroscopy ;
Apr. 1992

H. Tawara,
Electron Stripping Cross Sections for Light Impurity lons in

Colliding with Atomic Hydrogens Relevant to Fusion Research;
Apr. 1992

T. Kato,

Electron Impact Excitation Cross Sections and Effective Collision
Strengths of N Atom and N-Like lons -A Review of Available Data
and Recommendations- ; Sep. 1992

Hiro Tawara,
Atomic and Molecular Data for H,0, CO & CO, Relevant to Edge

Plasma Impurities, Oct. 1992

Hiro. Tawara,
Bibliography on Electron Transfer Processes in Ion-
lon/Atom/Molecule Collisions -Updated 1993-; Apr. 1993
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NIFS-DATA-28

NIFS-DATA-29
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J. Dubau and T. Kato,
Dielectronic Recombination Rate Coefficients to the Excited
States of C I from C II; Aug. 1994

T. Kawamura, T. Ono, Y. Yamamura,
Simulation Calculations of Physical Sputtering and Reflection
Coefficient of Plasma-Irradiated Carbon Surface;Aug. 1994

Y. Yamamura and M. Tawara,
Energy Dependence of lon-Induced Sputtering Yields from
Monoatomic Solids at Normal Incidence; Mar. 1995

T. Kato, U. Safronova, A. Shlyaptseva, M. Cornilie, J. Dubau,
Comparison of the Satellite Lines of H-like and He-like Spectra;
Apr. 1995

H. Tawara,

Roles of Atomic and Molecular Processes in Fusion Plasma
Researches - from the cradle (plasma production} to the grave
{after-burning) -; May 1995

N. Toshima and H. Tawara

Excitation, Ionization, and Electron Capture Cross Sections of
Atomic Hydrogen in Collisions with Multiply Charged Ions;
July 1995

V.P. Shevelko, H. Tawara and E.Salzborn,
Multiple-lonization Cross Sections of Atoms and Positive lons by
Electron Impact; July 1995

V.P. Shevelko and H. Tawara,
Cross Sections for Electron-Impact Induced Transitions Between
Excited States in He: n, n'=2,3 and 4; Aug. 1995

U.1. Saironova, M.S. Safronova and T. Kato,

Cross Sections and Rate Coefficients for Excitation of An = I
Transitions in Li-like Ions with 6<Z<42; Sep. 1995

T. Nishikawa, T. Kawachi, K. Nishihara and T. Fujimoto,
Recommended Atomic Data for Collisional-Radiative Model of
Li-like Ions and Gain Calculation for Li-like Al Ions in the
Recombining Plasma; Sep. 1995

Y. Yamamura, K. Sakacka and H. Tawara,

Computer Simulation and Data Compilation of Sputtering Yield by
Hydrogen Isotopes (‘H*,2D*, 3T*) and Helium (*“He™) Ion
Impact from Monatomic Solids at Normal Incidence; Oct. 1995
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T. Kato, U. Safronova and M. Ohira,
Dielectronic Recombination Rate Coefficients to the Excited
States of CII from CIII; Feb. 1996

K.J. Snowdon and H. Tawara,

Low Energy Molecule-Surface Interaction Processes of Relevance
to Next-Generation Fusion Devices; Mar. 1996

T. Ono, T. Kawamura, K_ ishii and Y. Yamamura
Sputtering Yield Formula for B4C Irradiated with Monoenergetic
Ions at Normal Incidence; Apr. 1996




