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In order to test the availability of theoretical screening lengths and a new local electronic epergy loss
model proposed by Yamamura et al., the sputtering yields due to various jon impacis on monatomic
materials were calculated with the ACAT code. It is found that the calculated sputtering yields at normal
incidence are in good agreement with experimental data and the Yamamura’ empirical sputtering

formula without free pararneters.
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1. Introdaction

Sputtering of materials is important in the
development of a fusion reactor. Sputiering ejects
high atomic number materials into a plasma,
cawnsing significant contamination and increasing
radiation loss of a plasma, and thas results in
inefficient heating of a plasma. From the point of
view of plasma-wall interaction, sputtering is an
undesired process which erodes the simrounding
walls. On the other hand, sputtering is useful for
many applications. Sputtering allows controlled
removal of surface layers on a nearly atomic
scale, permitting submicron spatial resolution if a
well-focused ion beam is used. At present the
mechanism of physical sputtering is well
understood|[ 11, and Eckstein calculated sputtering
yields for various ion-target combinations, using
the TRIM code [2].

In the computer studies on the interaction of a
charged particle with solids, authors treated
nuclear collisions in terms of the Thomas-Fermi
screened Coulomb potential. For  better
agreement with experiments, they sometimes
modified screening lengths used in interatomic
potentials [3,4,5]. Recently, Yamamura, Takeuchi
and Kawamura [6] proposed a method to
determine the screening length of colliding two
atoms which includes the shell effect of each
element. Yamamura and Kimura [7} also

proposed a new local model of electronic energy
loss, based on the Firsov theory [8].

In order to test the screening lengths and a
new local model of elecironic energy loss
proposed by Yamamura et al., we have calculated
sputtering yields from monatomic targets at
normal incidence, using a Monte Carlo code,
ACAT [9], and compared the ACAT spuitering
yields with the Yamamura’s empirical formuia
(3] and experimental data Since high Z materials
have recently become ones of the prospective
candidates of a divertor plate of a fuston reactor,
we pick up Mo and W as target materials and H,
D*, *He', He' and Ar* as incident ions are
considered. The seli-sputtering yields are also
calculated.

2. Screening length with the shell effect

The Thomas-Fermi (TF) electron distribution,
n(r), shows no shell structure. and 1s represented
as a function of the screening function @(x), ic.,
4 7 Pr(Ndr = Zx'* d(xy"dx, where x=rla: (ar
being the TF screening length). Since the
analytical screening functions such as the
Sommerfeld and Moliére approximations are not
the exact solutions, Yamarnura et al [6] vsed the
Poisson equation for the TF electron disiribution,
ie., 4 7 Prn(Ndr = Zx ©"(x) dx, where the prime
means the differentiation with respect to x. They
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determined the screening length of an isolated

atom so that the average radius of the TF electron .

distribution be equal to that of the Hartree-Fock
electron distribution [10]). Then the screening
length for an isolated atom of the species i is
obtained by

8= < T < X >0, M

where < r >y Is the average radius of the atomic
state HF electron distribution of an atom of the
species i, and < x > is the average reduced
radius of the TF electron distribution. The < x >
of Moliére and Kr-C screening fumctions are

3.283 and 3.207, respectively. In Table 1 we hist

screening lengths of present interest which are
determined by eq. (1).

Once the screening length of an isolated atom
is known, we can calculate the screening length

rn,

where p is the impact parameter, and v is the

velocity of a projectile, y= p/Qay,g). The
numerical calculation of the integral term in eq.

_ 8, (E)aexpl- vz, (E. p)]
25(p)= aly D+Bz(Ep)°

where o, B and ¥ are the fitting parameters
depending on the used interatomic potential
whose values are listed in Table 2. S(E) is the
electronic stopping cross seciion. zfE, plis
reduced apsidal distance which is the apsidal
distance divided by the screening length a,:
Then, the.present local model includes the shell
effect of colliding particles, except for the ZBL
potential.

4. Sputtering yield calculations by the ACAT
code -

In order to calculate sputtering yield at
normal incidence, we use the ACAT code. The
ACAT code is based on the binary collision
approximation, and the target atoms are

_randomly distributed in the stimple cubic cell with
the average lattice constant, N'°. The detailed
description about the ACAT code is given in ref.
9. In the present calculations we use the Moliére,
Ke-C and ZBL potentials[14], where the
theoretical screening lengths are used for. the
Moliére and Kr-C potentials.

of two-atoms emcounter by the equation,
(@npy = (@) ™+ (a,,;y*", whick corresponds to
the Firsov screening length formula [11].

3. A new local model for electronic energy loss
Firsov  derived an  impact-parameter-
dependent formula (local model) of electronic
energy loss, assuming that excitation energy of
electrons is due to transformation of the kinetic
energy of the relative motion of colliding
particles{8]. In computer simulations, the
empirical Oen-Robinson local model is often
used [11], and there are several local models used
in channeling simulation [12]. Based on the
Firsov electronic energy loss formmla and using
Sugiyama's potential[13], Yamamura and Kimnra
derived the following energy loss formula due to
the electronic excitation of colliding particles [7]:

———

\/yo +y

_.______EMJ dy, (2)

As(p)--”( 3”1 A {‘I’

(2) gives the following local model for the
electronic energy loss: .

G)

For the ZBL

potential one must use the ZBL screening length
which is given as a5 = 0.4685/(Z,°% + ZPHA.
The electronic energy loss is estimated by the
mixed model, where for low-eriergy particles we
used the present new local medel for these three
potentials and the path-length-dependent non-
local model is used for higher-energy projectiles.

The ACAT sputtering vyields at normal
incidence are compared with the experimental
data and the Yamamura's empirical formula3]
for Mo and W targets in Figs.] amd 2,
respectively. The references of experimental data
used here are.in ref. 3. The ACAT (Moliére) and
ACAT (Kr-C) sputtering yields show good
agreement with the experimental data and the
Yamamura's empirical formula for the present
ion-target combinations. The ACAT (ZBL.) gives
slightly larger yields for H* and D" ions. From
these figures we can conclude that the present
theoretical screening lengths with the shell effect
and the new local model are available for
predicting the interaction of charged particles
with solids.




5. Conclusion

Sputtering yields at normal incidence by
various ion impacts on Mo and W targets were
calculated with the ACAT code, using the
theoretical screening lengths and the new local
model of the electronic energy loss. It is found
that the calculated sputtering yields are in good
agreement with experiments and the Yamamura’s
empirical sputtering formula without free
parameters. The theoretical screening lengths
with the shell effect and the new local model are
available for predicting the interaction of charged
particles with solids.
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'fable 1  The theoretical sér:eening lengths of isolated H, He, Ar,_. Mo and W
atoms - for different potentials

screening length (A)
element ' :
. . Moliére o Kr-C

H 0.2418 I 0.2475
He 01494 L . 0.1530
Ar - 0.1438 0.1472 .
Mo | - 01218 0.1247

W 01017 ' 0.1041

Potential a B ¥

Moliére 0.01884 0.07330 0.01101
Ki-C 0.02623 © 0.08735 0.01034
ZBL 0.03431 (.09935 0.01365
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Fig. 1 : The energy dependence of the sputtering yield for H*, D, *He*,He*, Ar* and
Mo" ion normal impact on Mo targets. The solid line is Yamamura’s empirical formula.
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Fig. 2 : The energy dependence of the sputtering yield for H', D*, *He", He*, Ar” and

W* ion normal impact on W targets. The solid line is Yamamura’s empirical formula.
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