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1. Introduction

The walls of fusion devices are known to suffer the effects of both
particles-beams and electromagnetic radiation emitted from plasma region.
In particular, the walls are bombarded by ions and neutral atoms of
hydrogen, deuterium, tritium and helium. The adsorbates sticking to the
walls are released due to these particle-impact. This process is called
desorption. The released particles, i.e., ions, neutral atoms and mole-
cules, enter inﬁo the plasma region as impurities, which reduce the temper-
ature of plasma. A substantial fraction of the released particles may be
hydrogen, which can be reused as fuel. Therefore, studies of the desorption
processes are needed in the estimation of both hydrogen recyeling and
impurity influx in controlled thermonuclear fusion reactor. In other words,
correct assessment of the desorption processes in fusien reactor is an
inevitable problem to put it to practical use. The impurity or hydrogen
influx caused by desorption processes can be roughly estimated from the
known desorption cross section and the expected particle flux to the wall.
A rough estimate’’) of the impurity infiuxes due to ion-impact desorption
from stainless steel wall shows that the dmpurity influxes are about two
orders of magritude larger than those expected from electron- or photon-
induced desorption, indicating that ion-impact desorption (IID) is the most
important phenomenon in particle-impact induced desorption relevant to
plasma-surface interactions.

We have calculated the cross section for ion-impact desorption
according to the model proposed by Winters and Sigmundz) based on binary
elastic collisions. This model includes a few physical quantities such
as reflection coefficient, sputtering vield and binding energy. These
quantities should be correctly assessed because the calculated results
have strong dependence on these quantities. For the reflection coefficient,
certain analytical expressiong) is used, which has been derived by fitting
to many experlmental data. For the sputtering yield, we have an analytical
presentationq) of the experimental data, which shows good agreement with
the experimental data especially at ion energies below 5 keV. In most of
IID experiments, adsorption states of atoms and molecules have not been
assigned definitely. When an atom or a molecule adsorbs chemically on a
surface, it generally finds one location with respect to the surface atoms,
i.e. bridge site, on—top site etc. The heat of chemisorption depends
strongly on its location and binding energy of the adsorbed atom can be

related to the heat of chemisorption. For the calculation of binding

_1_
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energy, a semiempirical methods) is used in this report, which relates the
heat of chemisorption to the binding energy. The desorption cross section
calculated from Winters and Sigmund's model are compared with the
compiled experimental datas). It is found that the calculated results show
good agreement with the experimental data for a few cases. For most of the
cases, however, it is difficult to say that the experimental data can be
quantitatively explained by the model.

In this report, we first review Winters and Sigmund's model and
the physical quantities necessary to calculate the desorption cross section
based on the model are briefly reviewed in chapter 2. Comparison of the
experimental data with the model is presented in chapter 3. 1In chapter 4,
we try to explain the data analytically on the basis of an elastic colli-
sional model and consider other mechanisms responsible for desorption than

Winters and Sigmund's model.

2. Theoretical consideraticns based on elastic collision

Studies of ion-impact desorption have been carried out on the surface
covered with atoms and molecules which are different from the substrate
atoms. The amount of adsorbed atoms is less than one monolayer in most of
the TID experiments. It is expected that the process of ejection of
adsorbed atoms differs from that of substrate atoms in a few peoints. For
example, the emitted particle definitely comes only from the upper surface
layer and changes in the kinematics of collision processes occurring at the
surface due to the large mass difference betweeen adsorbate and substrate-
atoms. The mass of substrate-atom is mostly heavier than that of adsorbed
atom. The process of ejection was first investigated by Winters and
Sigmundz) for the specific case of a chemisorbed monolayer of nitrogen on
tungsten. In section 2.1, the cross section for elastic cellision is de-
scribed. 1In section 2.2, Winters and Sigmund's model is outlined. In
sections 2.3, 2.4 and 2.5, physical quantities involved in their model are
presented from a standpeint of calculations of desorption cross sections,

because the desorption cross section has very strong dependence on them.

2.1 Cross section for elastic collision

It is well known that the interaction between two particles of charges

Z1e and Zre is described by the following potential7):

_2_
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energy, a semiempirical method®) is used in this report, which relates the
heat of chemisorption to the binding energy. The desorption cross section
calculated from Winters and Sigmund's model are compared with the
compiled experimental datas). It is found that the calculated results show
good agreement with the experimental data for a few cases. For most of the
cases, however, it is difficult to say that the experimental data can be
quantitatively explained by the model.

In this report, we first review Winters and Sigmund's model and
the physical quantities necessary to calculate the desorption cross section
based on the model are briefly reviewed in chapter 2. Comparison of the
experimental data with the model is presented in chapter 3. 1In chapter 4,
we try to explain the data analytically on the basis .of an elastic colli-
sional model and consider other mechanisms responsible for desorption than

Winters and Sigmund's model.

2. Theoretical considerations based on elastic collision

Studies of ion-impact desorption have been carried out on the surface
covered with atoms and molecules which are different from the substrate
atoms. The amount of adsorbed atoms 1s less than one monclayer in most of
the IID experiments. It is expected that the process of ejection of
adsorbed atoms differs from that of substrate atoms in a few peints. For
example, the emitted particle definitely comes only from the upper surface
layer and changes in the kinematics of collision processes occurring at the
surface due to the large mass difference betweeen adsorbate and substrate-—
atoms. The mass of substrate—atom is mostly heavier than that of adsorbed
atom. The process of ejectlion was first investigated by Winters and
Sigmundz) for the specific case of a chemisorbed monolayer of nitrogen on
tungsten. In section 2.1, the cross section for elastic collision is de-
seribed. In section 2.2, Winters and Sigmund's model is outlined. 1In
sections 2.3, 2.4 and 2,5, physical quantities involved in their model are
presented from a standpoint of calculations of desorption cross sections,

because the desorption cross section has very strong dependence on them.

2.1 Cross section for elastic collision

It is well known that the interaction between two particles of charges

Zie and Zze is described by the following potential7):
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V(r) = [21Z2e° /7] 2 p(rla), (2.1)

where @TF(r/a) is the Thomas-Fermi screening function for an isolated atom
and a is the screening length. The screening function @TF(r/a) satisfies
the nonlinear differential equation, which is derived by substituting, into
Poisson's equation, the electron density calculated on the basis of Fermi-
Dirac statistics. The differential equation for the Thomas-Fermi screening
function cannot be solved analytically without some approximations, the
solutions of which having been tabulated®*®), Depending on the regions of
inter-nuclear separation, approximate soluticns have heen suggestele).
Lindhard and his co~workersll) have suggested that the screening function

9 can be approximately expressed over the limited ranges of separation

TF
by a power form,

o p(r/a) = (k_/s)(a/r)* ", (2.2)

where kS is a numerical constant, depending on s. The value of s depends
on the range of interaction distances. Using the inverse-power potential,
we can easily obtain simple analytical expressions for the scattering cross
section, the range distribution and the scattering angle. The differential

scattering cross section d0 can be derived through a standard method,

do = (c_/E™) a1/ ) (de' /27) S[e e'—cosd'], (2.3)
with

C_ = (M/2)X a1, (M M2)"(22:22¢ far2) ™", (2.4)

ais = 0.8853 aB(ZIZ/S + 222/3)-1/2, (2.5)

where m = 1/s, a, is the Bohr radius, E the kinetic energy of incident

B
particle, T the transferred energy, ¢' the laboratory scattering angle, e
and e' the unit vectors parallel to the velocities of the particles and

¢le e'-cos®'] a delta function. Geometry of a single-scattering event and
physical quantities used in this section are shown in Figure 1. 1In eq.
(2.4), Am is a matching parameter for the power approximation of the differ-

ential cross section and a dimensionless function of the parameter m which

has values between 0 and 1. The values of km vary slowly from m = 1 at

_3...
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high energies down tom = 0 at low energies. Several values of m and Am
are shown in Table 1. It is known that the Thomas-Fermi potential over-
estimates the interaction in the low-energy range 10 eV £ E £ 1 keV, where
Born-Mayer potential is appropriate although little theoretical justifica-
tion is found. The differential cross section for Born-Mayer interaction
has been compared to that for Thomas-Fermi interaction by SigmundIZ) who
has shown that eq. (2.3) becomes a reasonable approximation even if m is
taken close to zeroc and that in the case of m = 0 egs. (2.4) and (2.5) can

be replaced by

Cy = (n/2)}; a,?, a, = 0.219 A, A 24, (2.6)

which correspond to the parameters in a Born-Mayer potential. For m =1,
equation (2.3) corresponds to the differential cross section for Rutherford

scattering.
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)

Table 1 Coefficients of Power Potentialﬁ

m Am
1.00 0.50
0.50 0.327
0.333 1.309
0.191 2.92
0.055 15.0
0.0 24.0

*) K.B. Winterbon, P.Sigmund and J. B. Sanders; Mat. Fys. Medd. Dan.
Vid, Selsk. 37, no.l4, 1—73, (1970). |

Fig. 1 Scattering geometry in an elastic collision
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2.2 Winters and Sigmund’'s model

Winters and Sigmundz) have proposed a model for the ejection of adatom
due to lon-impact, based on energy and momentum transfer occurring between
incoming ion, substrate atom and adsorbed atom. Namely, a chemisorbed
nitrogen atom on tungsten is desorbed by the following processes:

(A) Direct knock-on by incident ion.

(B) Knock-on by reflected ion.

(C) Knock-on by sputtered substrate atom.

The processes (A) and (B) are basically equal to the collision of the iocn
with the adsorbate atom although the energy- and angular- distributions of
ions are different between the two processes. These processes (A), (B) and
(C) are schematically shown in Figs. 2, 3 and 4, where incidention, sub-
strate atom and adsorbed atom are designated by numbers "1", '2" and "3",
respectively. The energies of the particles and the directions cof their
motions are also shown in parentheses,

The desorption cross secticon for process (A) is given by,

GA = (1/cosB8)fdo, 3(E,e,Eg,eq)SdE' de' R33(Eg,eq,.E',e"), (2.7)
where € is is the incident angle measured from surface normal, E; the energy
of adsorbed atom transferred from incident ion, eg the direction of motion
of adsorbed atom, and do; s the cross section for the collision of incident
ion "1" with adsorbed atom "3". The integrand R3>(E;,e,,E',e') shows the
distribution in energy E' and direction e' of adsorbed atom after being
reflected from the substrate atom "2" either directly or after some penetra-
tion. If an adatom is assumed to be bound isctropically and be reflected

without energy loss, i.e,,
f dE' de' Rgg(EQ,E’.Q,E',E‘.‘) = @(EO_UE!)S (2-8)

where Uz is the binding energy of adsorbed atom and @ the step functicn,

equation (2.7) reads,

o, = (1/cosB) (Cy3/mya)(rsg i3 /Us L8y (X ts-1) /x ™3, (2.9)
A

where my3 is defined by the interaction potential and X = (r;3zE)/Us.
Equation (2.9) shows that Oy depends on incident angle 8, binding energy

Uz, exponent m;s and masses of both incident ion and adsorbate atom thrdugh

energy transfer factor, riz = aMlMa/(M1+M3)2. Coefficient Ci3; is given by,
_6_
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m 2
Ciz = (W/Z)Am ars’ (M /M) 2% (221Z3e%/ays) i3, (2.10)
13
where a1z is the Thomas-Femi screening length for the collision of iom "1V
with adsorbate atom "3". When mi3 = 0, the desorption cross section can be
. . . - -2
written, with the use of a relation; lim(Xx "%3-X “™13)/m,, = Iin X,

W
m, . 0

o, = (127 ag”-/cos8) 1n(risE/Uj), : (2.11)
where ag is a screening length defined eq. (2.6).

The desorption cross section for process (B) can be expressed by,

0y = S dEy deg Ry2(E,e,Eq,eq) J do13(Eg,e5,E',e")/cosby (2.12)
where Oy is the angle between the direction of the reflected ion and the
surface normal. The function R:z2(E,e,Ep,ep) Is the energy- and angular-
distribution of the reflected ions, which depends on various parameters;
particle-solid combinations, incident energy and angle, exit energy and
angle, etc. For a Maxwellian distribution of the incident particlesla),
the energy distributions of reflected particles have an inclinatien to
decrease expenentially as the energy increases. It has also been shown®)
that the angular distribution for the isctropic bombardment shows approx-—
imately a cosine distribution except at small exit angles. From these
results of experiments and computer simulations, Ri,(E,e,Eg,eq) can be
assumed to be given by,

2my2-1 cosbfy , (2.13)

Riz2(E,e,Ep,ep) = CR R(E,e)Ey
where 0Oy is the polar angle measured with respect to the surface normal.
The dependence on azimuthal exit angle in eq. (2.13) is assumed to be
isotropic. The function R(E,e) is called the particle reflection coeffi-
cient, which is the ratio of the number of all backscattered particles to
the number of incident particles. The value of exponent my» in eq. (2.13)
is defined by the interaction potential between the incident particle and
the target atom. The factor CR is a normalized constant and obtained from

a relation,
[/ dEg deg Riz2(E,e,Ep,ep) = R(E,e). (2.14)

Integrating eq. (2.12) with the use of eqs. (2.3), (2.13) and (2.14), we get
_7_
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Oy = 4(ma/ms)CroR(E,e) (115" /0, ™) 6(x), (2.15)

where G(X) depends on the exponents mys; and miz and X = r;3E/Us,

G(X) = {[szlz-ml3-1)/(2m12-m13)-[X2(m127m13)—1]/(2m12-2m13)}/szlz

{2.16)
If miz =mi3 = m, equation (2.13) becomes
oy = 4C13 R(E,e)(r13" /Us"™) [(X"-1) fm-1n(X) ] /"™ (2.17)
The desorption cross section for process (C) is given by,
o, = J dEy deq S12(E,e,Eg,eq) S dos3(Eg,eq,E',e")/cosby, (2.18)

where S1:(E,e,Eg,ep) is the distribution in energy E¢ and direction ey of
the sputtered target atoms. The d0,; is the differential cross section for
the collision of the sputtered atom "2" with the adsorbate atom "3". The

energy and angular distribution'*) of sputtered particles is assumed to be
S12(E,e,Eo,e0) = Cg S(E,e) [Eo/(Ea+U2)°] cosBy, (2.19)

where S(E,e) is the sputtering yield and U; is the binding energy of sub-

strate atom. The constant CS is a normalized factor and given by a relation,
S dEy deg S12(E,e,Es,es) = S{E,e). (2.20)

With these equations {2.3), (2.18), (2.19) and (2.20), the desorption cross

section for process (C) is,

GC = (Asza/mza)S(E,e)(r23U2/U3)Fm23{r12r23E/U3,r23U2/U3}, (2.21)
with

-ms> 3+2 ~2myp 3+l

m 2m

Fr,, = (rzs 22/Us7 2%) fdX (X X )/ (RtrasUs /Us)?, (2.22)
where X = r33 E/Us. In eq. (2.21), the exponent mp3 is defined by the
interaction potential between the target atom and adsorbate atom. If mpa

= 0, then equation (2.21) becomes
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o, = 487Ta %S (E,e) (r23Us /Us)Flr1or03E/Us,r23U2/Us} (1-Us/r12E) 2, (2.23)
with
F=/dX X In(X)/(X + 1,, U2/U3)". (2.24)

In egs. (2.21) and (2.24), the dependence of functions Frss and F on
T,,T,,E/Us is introduced from the upper limit of integrations, the region
of which is from 1 to ri2rs3EfUsz — t©s3Us/Us.

From eqs. (2.9), (2.15} and (2.23), it is found that in the calculation
UA, GB and OC the parameters m;3z and m are
very impertant and should be correctly chosen to describe the interactions

of desorption cross section,

among incident ions, substrate atoms and adatoms. 1In addition, the follow-
ing parameters are significantly important:

incident energy and angle (E,Q)

atomic masses (Mj;,M;,M3)

atomic numbers (Z;,Z;,Z3)

binding energies (Uz,Us)

reflection coefficient R{(E,e)

sputtering yield S(E,e)
In the following sections, the physical quantities U3, R(E,e) and S(E,e)

are discussed.
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Fig. 2 Process (A) in ion impact desorption
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Fig. 3 Process (B) in ion impact descrption
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Fig. 4 Process (C) in ion impact desorpticn
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2.3 Binding energy of adatom

in the preceeding section, it is shown that the bindiﬁg energies U;
and U; are very Important parameters for estimation of desorption cross
sections. Most of adsorption states, investigated in IID experiments, are
the ones of chemisorption where typical binding energies between adatom and
surface atom are several electron volts. The binding energies of molecu-
larly adsorbed gases are lower than those of dissociatively adsorbed gases.
Since the binding energies cannot be measured directly, they are usually
estimated from the heat of vaporization or the surface energies. The
binding energies for adsorbates are found to be generally lower than those
for substrate atoms and have been estimated using the heat of adserption.
For the dissociative adsorption of A; molecule, the binding energy bhetween
adatom and surface atom can be related to the dissociation energy of the
molecule D and the heat of adsorption @,

Ao

@, +Q/2. (2.23)

Ao

The dissociation energy for some gases relevant to this study DAZ is shown
in Table Z. Equation (2.25) is justified only for the case of either
adsorption on clean surface, namely initial adsorption or adsorption where
adatom binds to surface atom with two bonds, MS + A, > ZMS—A, where MS
stands for a surface atom. With substituting the experimental data on heat
of adsorption, the binding energies can be calculated from eq. (2.25). The
calculated values, however, scatter due to the diversity in experimental
data, possibly arising from different surface structures and surface tem-
peratures. It is known that measurements on initial adsorption are diffi-
cult. Adatoms have been found to have a tendency to occupy sites with a
high symmetry and to adsorb in ordered overlayers with a periodicity relat-—
ed to that of the surface atoms. In this report, we use eq. (2.25) for an
estimation of the binding energies for S, adsorption. For H,;, 0, and N;
adsorption, semiempirical methods are used, which are described below.
Miyazaki and_Yasumoris) proposed a semiempirical method of evaluating
the surface atom-adatom binding energy and heat of dissociative chemisorp-
tion, based on Pauling's formulationt®’ for atom-atom bond energy., They
assumed that the single bond energy between surface-atom M_ and adatom A,

S

is related to the single bond energy E between isclated atoms
-A,S M-A,S

M and A by introducing a parameter k

(2.26)
—172—
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where the subscript S stands for a single bond:. On the other hand, when a
molecule A; is dissociatively adsorbed on a surface composed of atoms M,

the heat of chemisorption @ is approximately given by

= - + 2 .
@Dy, T2y @
where EM CA.m is the energy of multiple-bond of order n between surface
S >
atom M, and atom A. The order n is taken as 2 for oxygen and 3 for nitrogen.

S
With an approximate relation, EMS-A,n = nEMs-A,S’ we can get from eqgs. (2.26)})

and (2.27),

@+ D, )/ = By a5 T KBy as (2.28)

The single bond energy E in eq. (2.28) can be estimated by the Pauling-

M-A,S
Eleyla) formula with energy unit in kcal/mole,

- 2
EM—A,S a (EM—M + EA_A’S)/2 + 23(XM - XA) > (2.29)

where XM and XA are the electronegativities of the metal atom M and adatom

A, respectively. Some values of XM and XA are shown in Table 3. 1In eq.

{(2.29), then EM-M is the energy of the bond between metal atoms and E

A-A,S
is the energy of single bond of a molecule. The single bond energy EA—A g

is shown in Table 2. The value of EM— is obtained by multiplying the bulk

heat of sublimation of the metal by a ?actor which accounts for the multi- -
ple bonding in the bulk metal. This factor is 1/4 for body-centered cubic
metals and 1/6 for the other metalsl7). Miyazaki and Yasumoris) plotted
the quantity in the left side of eq. (2.28) against EM—A,S in the cases of
oxygen and nitrogen adsorption on transition d-metals. They found the left
hand side of eq. (2.28) is proportional to EM—A,S in both cases.

Their method is here applied to other kinds of sclids, on which the
molecules O, and N; adsorb dissociatively. We use the experimental data on
heat of chemisorption for evaporated metal films., The experimental values
of Q we compiled from the literature are shown in Appendix for 0, and N>
adsorption. Figure 5 shows our results, The left hand side of eq. (2.28)

is proportional to E for both 0 and N; adsorption. The proportional

M-A,S
constant, k in eq. (2.28), is found to be 0.67. This means that the single
M —A between surface atom and adatom are less by about 30%

s .

than EM—A s expected from eq. (2.29). Then the surface binding energy Ua

can be obtained from a relation,

bond energies E
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0.670Ey , o > (2.30)

with known wvalues of EM—A g°
H]

For hydrogen adsorptionla)

» the heat of adsorption is given with energy

unit in kcal/mole by,

= 2
4 = By *46.120%, ¢ - X7, (2.31)

where XM,S is the electronegativity of "solid" metals. XM,S is always lower
than that of the corresponding isolated atom XM which is shown in Table 3,
and can be derived from a work function &, i.e., XM,S = 0.318 @19). Using
these relations, Trasatti’®)} calculated the heat of adsorption and obtained
results in satisfactory agreement with the experimental data for hydrogen
adsorption on polycrystalline metal which are given in Appendix. A compari-
son of calculated q and experimental data on heat of hydrogen adsorption is
shown in Fig. 6 which indicates that g has a roughly linear dependence on
the experimental data except a few elements. The heat of adsorption obtain-
ed Irom this liﬁear dependence is substituted into eq. (2.25)} to get the
binding energy. For CO adserption, the binding energy may be roughly the
same as the heat of adsorpticn because most of I1D experiments on CO have
been concerned with its molecular adsorption. The compiled data on heat of
adsorption for CO and S; molecules are also shown in Appendix, together
with for Oz and N, adsorption. The binding energies obtained from above

mentioned procedures are listed in Table 4.
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Table 2 Dissociation energy and single bond energy
of some gases in kecal/mol

Gases Dissociation Energy Da, Single Bond Energy E, , ,s')
H, 104.2 104.2
N, 226.0 38
0, 118 33.2
S, 102 50.9
CO 256 84.0
NO 151
CO, 384

*) L. Pauling; The Nature of the Chemical Bond ( Cornell University
Press, Ithaca, 1960).
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Table 3 Work function and electronegativity of some element

Element Work Function (eV) " Electronegativity™™
H 2.1
N 3.0
0 3.5
S 2.5
Ti 4.10 1.5
Cr 4.40 1.6
Mn 3.90 1.5
Fe 4.65 1.8
Co . 4.70 1.8
Ni 4.73 1.8
Cu 4.70 1.9
Nb 4.20 - 1.6
Mo 4.30 1.6
Rh 4 .80 2.2
Pd 5.00 2.2
Ta 4.22 1.5
W 4.56 1.7
Pt 5.40 2.2

*) S, Trasatti; J.Chem. Soc. Faraday Trans], 68, 229-236 (1972).
++) 1, Pauling; The Nature of the Chemical Bond ( Cornell University,
Ithaca, 1960).
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Table 4 Binding energies for some adsorbate/substrate combinations

Adsorbate Substrate Binding Binding Remark
' state energy (eV)

N Fe poly 5.53 1)
Mo poly 6.51 1)
W poly 7.35 1)
W(110) 8, 6.61 1)
W (110) 6.61 1)

0 Si poly 5.41 1}
Ti poly 6.85 1)
Fe poly 5.54 1)
Ni poly 5.32 1)
Cu poly 4.82 1)
Mo poly 6.09 1)
Mo (110) 6.00 2)
SiC 4.35 1)
TiC 5.02 1)

S Ni sponge 3.41 4)
Ni poly 5.00 2)
Mo (110) 3.34 4)
Mo (110) 4.77 5)
Mo (110) 4.12 5)
Mo (110) 5.16 6)
Mo (110) 4.60 2)
Mo (111) 4.85 - B)

Cl W (100) 4.2 2)
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Table 4 (continued)

Adsorbate Substrate  Binding Binding Remark
state energy (eV)

H Ni poly 2.97 7)
Ni poly 1.50 2)
Ni(111) 2.714 8)
Ni (100) 3.04 8)
Mo poly 3.40 7)
Mo (110) 1.50 2)
Mo (100) B 2.82 8)
W poly | 3.40 7)
W (100) P 2,99 6)
W (110) B 2.95 8)
W (110) Bi 2.80 8)
W (111) B4 3.04 8)

D SS5316 0.5 9)

CcO Ti poly 6.72 10)
Ni poly 1.82 10)
Ni poly 1.30 2)
Ni (100) 1.30 11)
Ni (111} 1.17 11)
Mo poly 3.25 10}
Mo (100) o« 1.30 11}
Mo (100)  B; 2,70 S 11)
Mo (100) B8, 3.40 _ 11)

Mo (110) 3.00 2)
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Table 4 (continued)

Adsorbate Substrate  Binding Binding Remark
state energy (eV)

CO Rh poly 2.08 10)
Rh (110) 1.30 12)
58304 a 0.9 13)
SS304 B 1.55 13)
SS304 e 1.96 13)
SS316L a 1.2 13)
SS3161, B 1.7 ~13)
SS316L 7 2.2 13)

S 55316 0.5

The binding energies used in the calcualtions are underlined.

1) Fromeq.(2-29) and (2-30).

2) A.Sagara, K. Akashi, K. Kamada and A. Miyahara; “ISS Studieson
Sputtering of Chemisorbed Gases by Low-Energy Ions” J. Nucl. Mater.

103&104, 357 -362 (1981).

3) B. Biedermann and H.W. Wassmuth; “Reaction- and Desorption Kinetics of
Strontium and Chlorine on a Tungsten Surface” in Proc. 7th Intern. Vac.
Conger. & 3 rd Intern. Conf. Solid Surfaces edited by R. Dobrozemsky et al.
(F. Berger & Sohne, Vienna, 1977) p1097-1100.

4) Fromeq.(2-25) and Table As in Appendix.

5) M.H. Farias, A.J. Gellman and G.A. Somorjai; “The CO Coadsorption and
Reaction of Sulfer, Hydrogen and Oxygen on Clean and Suffided Mo (100) and
MoS2(0001) Crystal Faces” Surf. Sci. 140, 181-196(1984).



JAERI-M 88-146

Tabie 4 (Continued)

6) Th. Baldinggr and E. Bechtold; “Adsorption of Sulferon a Molybdenum
Field Emitter” Surf, Sci. 159, 406 - 424 (1985).

7) Fromeqs. (2-25) and (2-31) and Figure®.

8) Fromeq. (2-25) and Table A ; in Appendix.

9) R. Bastasz and L.G. Haggmark; “Ion Impact Desorption and Hydrogen
Release” J.Nucl. Mater. 103&104, 499 - 502 (1981).

10) Fromeq. (2-25) and Table A 4 in Appendix.

11) L.D. Schmidt; “Chermisorption: Aspects of the Experimental Situation” in
“Interactions on Meatal Surfaces” edited by R. Gomer (Springer, Berlin,
1975) p63 -100.

12) R.A. Marbow and R.M Lambert; “Chemisorption, Surface Structure
Chemistory, and Electron Impact Properties of Carbon Monoxide on Rhodium
(110)”  8urf. Sci. 67, 489 - 500 (1977).

13) A. Mathewson, R. Calder, A. Grillot and P. Verbeek; “Thermal Desorption
of CO from Some Stainless Steels” in Proc. 7th Intern. Vac. Conger. & 3rd
Intern. Conf. Solid Surfaces edited by R. Dobrozemsky etal. ( F. Berger &
Sohne, Vienna, 1977) p1027 -1030.
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on heat of H; adsorption
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2.4 Reflection of ions from solid surfaces

When a solid is bombarded with ions, some of the ions are backscatter—
ed from the surface. Others penetrate the target and lose energy due to
collisions with target atoms and electrons. Some of the penetrating
particles change in the direction of their motion by single or multiple
collision and finally leave the target surface. This process is called
reflection and its quantitative treatment is of great importance in the
present day fusion technology. As well known, the reflection process of
Hz, D2 and H3 from the wall of fusion devices is one of the processes
determining the balance of particles and energy in plasma. In this section
only brief summary, which is necessary to discuss the mechanisms of desorp—
tion, is described. The reader is referred.to a few'reviewszl’zz) for
detailed discussions of reflection processes, i.e., the reflection coeffi-
cients, the distributions in charge, and the angle and energy of the
reflected particles. )

The energy and angular-distributions of reflected particles are usually
measured in a specific solid angle at definite exit angle and often only
for the charged particles. The measured distributions are thus by no means
characteristic of the total reflected fluxes. More systematic researches
have often been given by computer simulations which provide the general
characteristics of energy and angular distributions of reflected light ions
for keV incident ions. The energy distribution depends strongly on incident
energy. At low energies only a single peak with an energy characteristic
of a single collision is observed, the energy of the peak being shifted to
lower energies relative to the incident energy as the incident energy
increases. At high incident energies, a broader energy spectrum can be
observed, which indicates that the ions penetrate the target and lose a
wide range of energies. The spectrum measured is cut off at lower energies
because of the increasing probability of neutralization. At high energies,
the spectrum shows a monotonous decrease because of the decrease of
neutralization probability with energy. The energy distributions also
depend on target materials to show spectra different in shape and height at
the same incident energy and at normal incidence. On the other hand, the
angular distributions also depend on various parameters. For normal inci-
dence, the distribution is a cosine distribution except at higher energies
and at small exit angles. At large angles of incidence, the distribution
becomes strongly peaked around the direction corresponding to specular
reflection. Tt is impossible to describe these dependerces in an analytical

form.
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We can defdne the particle reflection coefficient by the energy and

angular distributions f(E,e,E;,eq),
R(E,e) = N/Ng = J dE; degy £(E,e,Eq,eq), (2.32)

where N and Ny are numbers of the reflected and incident particles respec—
tively. The function f(E,e,Eq,eq) is roughly approximated by eq. (2.13)
when the energy distribution of incident particles is a Maxwellian distri-
bution and the angular distribution of incident particles is isotropica).
The particle reflection ccefficients R(E,e) have been directly measured
with various experimental methods. But there are the same difficulties in
measurement as those for energy and angle distributions.

Eckstein and Verbeeka) obtained the reflection coefficients of hydro-
gen and helium isotopes on iron and nickel targets by computer simulation.
They have proposed, through a curve fitting, an analytical experession for
the reflection coefficients for normal incidence over a wide range of

reduced energies,

R(E,1) = [(1+3.2116e""2%33%)3/24 (1 3288c3/2)3/27-2/3 (2.33)
with

€ = E/E., = [M2/(M4My) [[a12 E/(Z1Z22%)]. (2.34)

where Z;, M; and Z;, M; are the nuclear charges and masses of the incident

particle and target atoms, respectively, and ET is the Thomas Fermi energy

in the center-of-mass system for a head-on collision {see Table 53). The
value of R(E,l) approaches 1 as the energy decreases and is proportional to
E"3/? i the energy range 10 £ ¢ = 10%. These features are in reasonable
agreement with the data of theoretical and experimental results, For
non-normal incidence, it was reportedza) that the reflection coefficient
R(E,e) is roughly approximated by substituting £(cos@)? for € in eq. (2.33).
It can be expected from eq. (2.33) that the reflection coefficients decrease
with increase of the incident energy and increase with increase of atomic
mumber of targets. The available data for the reflection coefficients have
been found to be in reasonable agreement with this relation. In the case

of non-normal incidence, the reflection coefficient R{(E,e) is a little larger
than that for normal incidence. The results calculated from eq. {2.33) are

listed in Tables 6~10 as a function of projectile energy for various ion-
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target combinations. Figures 7 and 8 show the reflection coefficients for

Ni and Mo targets.
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Table 5 Thomas-Fermi energy ETp (keV) for ion-target combinations

)

Ht D+ SHet 4Het Net Ar? Xe?

Target -

Si 1.16 1.20 2.59 2.67 23.92 66.83 591.39
Ti 2.05 2.09 442 4.50 33.98 85.68 642.45
Fe 2,54 2.59 5.43 5.61 39.88 97.63 694.18
Ni 2.80 2.84 5.95 6.056 43.08 104.46 72891
Cu 2,93 2.97 6.20 6.30 44.09 105,57 777.77
Mo 454 458 9.85 9.95 63.93 143.34 848.23
Rh 5.16 5.21 10.75 10.85 68.83 152,75 B881.83
w 9.86 9.92 20.28 20.39 119.2 246.75 1189.9

*) By = (1+M/M,) (Z,Z,e% /ay)
= 30.75(1 + M,/ M,)[Z, Z, (Z,%® + Z,%/3)1/?] (eV)
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Table 5 (continued)*)

Z,° M,° H* D+ iHe* Net Art
Compound
SiC 10 20.05 0.77 0.80 1.84 18.78 56.19
TiC 14 29.96 1.16 1.20 2.65 23.27 64.38

SS304Y 25.766 55.272 2.52 2.56 5.46 39.54 97.01
SS316% 26.178 56.272 2.67 2.61 5.56 40.12 98.12

*) This table lists E.. for some composite materials with average atomic
TF p

number Z,° and mass M,°:
Epp = 30.75(1 + M, /M,*){Z Z,°(Z,*® + Z,c2/%)12] (eV)
M= (xM, + yMg)/(x+y), Z,°=(xZ, +yZg)/(x+y) forA B,

1) SS304: Fe(68.35% ) + C(0.02%) + Mn(1.50%) + Si(0.6%) + Cr(18.33%)

+Ni(11.2%)
2) SS316: Fe( 66.5%) + C(0.1%) + Mn(2.2%) + Si(0.4%) + Cr(16.4%)
+ Ni(12.2% ) + Mo(2.2%)
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Table 6 Reflection coefficients of H
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Table 7 Reflection coefficients of He
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Table 8 Reflection coefficients of Ne
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Table 9 Reflection coefficients of Ar
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Table 10 Reflection coefficients of Xe
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2.5 Sputtering

Sputtering has been widely studied both for the physical understanding
of the cellisicnal processes involved and for varicus practical reasons
such as sputter surface cleaning, high resolution depth profiling (SIMS)
and plasma-wall interaction problems in fusion devices. There are many

24~28) yritten from various points of view. A comprehensive and

reports
detailed theory of sputtering has been given by Sigmundlz’27’28). The
theory is based on random collision processes which are described by a
linearized Boltzman equation, and enables us to predict the details of
sputtering and absolute sputtering yilelds as a function of incident energy.
It is a conseqguence of the theory that the sputtering yield is directly
proportional te the deposited energy at the solid surfaces. The deposited

energy is proportional te the nuclear stopping cross section Sn(E). Then

the sputtering yvield at normal incidence Y(E,0) can be written by
Y(E,0) = [0.042/U:] a(Mz/Ml)Sn(E) , {2.35)

where a(M,/M:) is a function of mass ratio between target M; and projectile
My and U; the surface binding energy. Derivations of universal expressions
29,30) gor sputtering yield have been attempted con the basis of eq. (2.35).
The universal behaviour is due to the fact that the energy dependence of
Sn(E) can be described by a universal function sn(E) depending only on

reduced energy €,
- 2
SH(E) =r1z W aio ETF Sn(E), (2.36)

where sn(e) is common to all projectile-target combinations. An analytical
expression®?) for sn(E) has been published and approximates to the exact

11)

numerical results within a few percents.

s_(£) = [3.441c2 /210 (e42.718) ] /[ 146. 3551 /24 (6.882c1 /221, 708) | . (2.37)

Equation (2.35) has been applied to a number of practical cases. The
agreement with experimental data for heavy ions is fairly good in many cases.
However, it has been found that eq. (2.35) is only valid for heavy ion
sputtering at energies well above the threshold energy. For heavy ion
sputtering at low energies as well as light-ion sputtering, a significant

fraction of the total yield is found to be due to backscattered ionsgl’sz).
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In the last few years, several modificationas’au) of eq. (2.35) have heen
made in order to cover light ion and also low-energy heavy ion sputtering.
Bohdansky“) has derived an expression for normal incidence which shows good

agreement with experimental data at ion energies below 5 keV.
Y(E,0) = [0.042/U;] a(MZ/M1>[RP/R] s (Edg(e'), (2.38)

where Rp/R is the ratio of projected range Rp to average path length R and

given by
RP/R = KMz /M1) + 1, (2.39)

which means a surface-correction term, i.e., the average number of surface
crossings. This term is introduced to get the correct deposited energy for
a real surface, which is obtained roughly from dividing aSn(E) by R/Rp.

In eq. (2.39), then K is only a weak function of € with an average value

K = 0.4 if inelastic collisions are not taken into account. In eq. (2.38),
a function of g{(c') is introduced in order to modify eq. (2.35) in the

thresheld region;
gle') = (1 - e'"2/3 - e 1y2, (2.40)

with g' = E/Eth where Eth is the threshold energy for sputtering. The
threshold energy is sometimes obtained from experimental data by linear
extrapolation of the yield-versus—energy curve Lo zero yieldgs) . It is
found that sputtering yields for different ion-target combinations at low
energies have a similar energy dependence and are expressed by a normalized
function. By use of this function, normalized threshold energies Eth/Ug
for 16 different target materials are derived and plotted as a function of
M1 /M.. The threshold energies Et obtained are shown in Table 11. With

h
use of eq. (2.36), then eq. (2.38) can be written as follows,

Y(E,0) = Q S_(£)g(e"), (2.41)

where Q depends only on masses of projectile and target and is independent

of projectile energy,

*
Q = (0.042/U;) a r,, T a,,°E (2.42)

F’
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with a* = a(R_/R). The values of a* are read from the graph published by
Bohdanskysq) and are shown in Table 11, with the values of Uz. Sputtering
yields calculated from eq. (2.41) are shown in Fig. 9 for tungsten target
and in Tables 12~16 for various targets,

The sputtering yields also depend on the angle of incidence in a
complicated way. Theoretical investigationslz) on angular dependence of
sputtering yields show (cosf)™! dependence at not—too-oblique incidence,
where 1 = f £ 2. Most of the experimental data for not-too-oblique inci-
dence show that the yield increases to a maximum at 70° ~ 80° with (cos0)”!
dependence and then decreases to zero at glancing incidence. The angle
which gives the maximum, shifts to higher values with increase of incident
energy. An empirical formula for incident-angular dependence has been

obtained?®) . In this report, the sputtering yield is approximated by
S(E,e) = Y(E,0)(cos8)? _ (2.43)

The energy and angular distributoins of sputtered particles have also
been widely invéstigated. Measured energy spectra for heavy-ion sputtering
are found to obey approximately the predicted inverse square relation in
the energy range between U; and incident energy. Furthermore, there is a
maximum ir the distribution at an energy close to the surface binding energy.
However, it is known that the energy spectrum shows in its tail some devia-
tions from an Efz dependence which is predicted by the theory. This devia-
tion is consldered to be due to the anistropy of the momentum distribution
of the sputtered particles. Such effect is important in light—-ion and
non-normal sputtering and can be considered to cause the spectrum to be
either sharper of flatter than the inverse square dependence. The angular
distribution of sputtered atoms is predicted to obey a cosine law for
amorphous targets at normal incidence. An "over-cosine" distributoin is,
however, found for the case where the mass of the projectile is smaller
than that of the target. It is known in this case that the contribution
from reflected particles to sputtering is dominant. Many experimental data
for non-normal incidences show disagreement with a cosine law, some being
"under-cosine" and others being "over-cosine'. Computer simulations show
that primary recoils contribute predominantly to sputtering in cases where
large deviations from the cosine distribution are found. However, the
modification of the distribution function may not play an important role

in the present calculations of desorption cross sections.
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Table 11 Parameters for sputtering yield
Ion Target a’ U,(eV) E,
Xet*  Fe 0.20 4.28 45.5
Ni 0.21 4.44 46.4
Mo 0.24 6.82 49.8
W 0.32 8.90 70.3
Ar*? Ti 0.28 4.85 33.5
Ni 0.32 4.44 31.1
Cu 0.32 3.49 27.9
Mo 0.43 6.82 33.4
w 0.42 8.90 37.4
TiC 0.24 5.02 44.2
SiC 0.21 4.35 43.9
SS304 0.3 4.32 30.9
Ne * Ni 0.44 4.44 25.8
Cu 0.43 3.49 35.2
Mo 0.51 6.82 29.3
Rh 0.5 5.75 30.2
w 0.52 8.90 31.2
SS304 0.46 4.32 24.6
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Table 11 (continued)
Ion Target a’ U, (eV) E,
He* Ti 0.42 4.85 47.5
Ni 0.61 4,44 22.2
Mo 0.52 6.82 40.9
Rh 0.53 5.75 46.0
w 0.356 8.90 102.4
SS304 0.56 4.32 23.1
SHe* W 0.8 8.90 151.3
D% TiC 0.756 5.02 27.8
SiC 0.71 4.35 19.6
55304 0.53 4.32 34.6
H* Ti 0.42 4.85 47.5
Ni 0.40 4,44 48.8
TiC 0.73 5.02 45.6
SS316 0.47 4.33 66.9
SS304 0.47 4.32 66.7
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Sputtering yields of He
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Sputtering yields of Ar

Table 15

T i N i Cu Mo

Energy
(e V)

x 10 X 10 X 10

0

x 1

x 1

OO N U OO T — = 00D DO OO0 U -
SN K- NG < F D~ < oM oD =L oD
COoOMN IR O MO — N = I 00 o
OO OO0 O OO OO r— rd v v v v = = v — —]

.....

= LD WO SO0 0= M vt (D M UD LD vt i D= O3 CD O\ CS OV % LD O B
HOMWOMMOO — NN =~ = MMM <= — D
DN ODNMWDWOE=00 MM — O P UL OO O O v 03
OO OO rd v o o e O OO O OO O OO O OO D

.......

[~ QW = O W= Mo <UD <F D00 b~ < = T LD < O
WO MWDMDT= WO OO0 — DL D OO0 O] = D LD O D WD O~ O
O - O N O DN NN O — N U~ 00D
=N~ R o Bl as Rt ok ok Naslias Bar Bas lanlonli s B C IR - B HEE RS ST oY

==l ehe el —N—R-— e Rl e e o W R e B e B e B e B o B B e e Bl e

RN PO OWENN " WO v~ el [ 00 I v €D D
3982919480106134542084800
COMNr—— MW MO MU O O N 0D <N < D = O
OO D r vy = NI TN TV CICI M DD OO 0D O N~

8449091394973172993277086
= N W00 e = CH TP 00— WO MO 000 S T
CNOMOMDMNMODO— O A MNM WO WLWO D
OO OO vl v v == = O O CY 0N GOV N Od OO O G D

OO0 OO OO OOOOOoOODOOOOOMEmMOcCoE
OO DOoDOoOOO0OO O oOoO OO oo OO s oo oS
FNM OO O FWHO O NG WO OU O WS
ban i B o B e B s oL B AN R ol Mol oS Nar Harih - B i Te




JAERI-M 88-146

ions incident on various targets

-+

Sputtering yields of Xe
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3. Experimental data and comparison with theoretical model

3.1 Experimental data on desorption cross section

We have compiled the data on the desorption cross sections and yields
for various adsorbate-target combinations. The compiled data have already
been reported in a JAERTI-M reports). Among the compiled data, we have
chosen only the desorption cross sections and rearranged them as functions
of projectile energy and projectile-ion species. The desorption cross
sections for light ions are shown in Figs, 10 ~ 12, For light ions such as
H+, D+ and He+ ions, the descrption cross sections are in the range of
10717 cm? except for a few cases corresponding to molecular adsorption and
decrease slowly as the projectile energy increases in the energy range
studied. In contrast, the desorption cross sections for heavier ions
such as Ne+, Ar+ and Xe+ , which are an order of magnitude larger than
those for light ions increase slowly with increasing energy as shown in
Figs., 13 ~ 16, 1In cases of Ne+ and Ar+ ions, some of the desorption cross
sections seem to have no dependence on projectile energy and costant in
the energy region. TFigures 17 ~ 22 show the cases where the desorption
cross sections rapidly increase as the projectile energy increases
regardless of projectile jon species. The desorption cross section has a
maximum near a few thousand eV for a case where an oxygen atem adsorbs on Cu
surfaces. Figure 23 shows the data which have been obtained in the low
energy region. The desorption cross section shows an initial decrease as
the projectile energy increases and then increases with increasing energy.
Figure 24 shows dependence of desorption cross section on the angle of
incidence 8 relative to the surface normal. The solid curve shows
(cos 8)?1 distribution. In most cases, a maximum is found near 60°, the
value of which is larger within a factor of 3 than the value measured at
20°. The variation of desorption cross section with incident angle is
smaller than that of sputtering vield.

Judging from the experimental data in Figs. 11 ~ 22, the desorption
cross section in the energy range studied is, in a first approximation,
considered to have a linear dependence on projectile energy, when the
desorption cross section is plotted against the projectile energy on log

scales. WNamely, the desorption cross section can be written as;

g =Q £? (3.1)
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where Qexp and a are fitting parameters. These values of Qexp and a are

shown in Table 17.
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Table 17 Values of a and Qexp obtained from experimental data

Ion  Adsorabate  Substrate a Qexp

H* 0] Ti -0.447 7.032x 1016
S Ni (110) 1.632 5.266 x 10 22

Dt 0 Si(111) -0.887 9.512x 104

SHet H W(100) 1.786 3.209x10%

‘He* H Mo (110} -0.425 2.701x10°15
0] Ni(110) -1.280 3.701 x 1013
0 Mo (110} -0.532 1.930x 1015
0 Mo poly 0.070 1.283x 10"
S Ni (110} 0.566 1.839x10°17
S Mo (110) -0.384 1.284x 10 1%
CO Ni(110) 1.150 4.391x101?
CO Ni poly -0.240 2.665x10 16
CO Mo(110) -0.344 6.836x 10 16
Co Mo poly 0.754 2.188 x 10 19
CcO Rh (001) 0.942 1.591x1018

Ne* O Ni (110) 2050  3.128x10 22
0 Cu (110) 1.080 6.353x 1019

0 Mo (110) 0.204 1.538 x 1016
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Table 17 (continued)

Ion Adsorabate  Substrate a Qexp

Ne * S Ni poly 0.061 5.057 x 1016
S Ni single 2.050 2.325x10
S Mo (110) 0.162 2.824x 1016
CcoO Ni poly 0.084 1.288 x 10 15
Cco Rh {001) 2.356 1.094 x 10 22
CcO Mo (110) 0.066 4.493 x 1018

Ar? C Ni(111) 2.938 7.545x 10°%
N Mo (100) 0.105 3.298x 1016
N W (100) -0.017 1.095x 1015
0 Ti 0.079 8.050x 1017
O Ni (110) 0.929 7.617x 1018
0 Mo (110) 0.575 2.033x 107
0 Cu (110) 0.830 1.002x 1017
S Ni(110) 2.246 8.615x10-22
S Mo (110) 0.296 1.507 x 1016
Cl Ni(111) 0.926 2.868x 10 18
CcoO Mo (110) -0.017 1.097x 1015

Xe?t N Mo (100) 0.392 5.738x 1017
N W (100) 0.283 2,096 x 1018
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Table 17 (continued)

Ion Adsorbate Substrate a " Qexp

H* 0] TiC -0.404 5.910x 10 16
D SS316 -0.606 5.120x 10 -16
S SS316 -0.135 5.833x10-17
CO SS304 -1.528 5.576 x 10 16

D+ 0 SiC -0.637 4.277x10°18
0 TiC -0.916 3.141x 1014
CO SS304 1.028 8.224 x 10 2!

‘Het CcoO SS304 0.907 3.925x 1020

Ne* CO 58304 0.781 1.278x10°1°

Art 0O SiC 0.035 4.871x1018
0 TiC 0.231 8.565x 1017

CO 58304 1.632 9.892 x 10 22
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3.2 Comparisons with Winters and Sigmund's model

According to the Winters and Sigmund modelz), the total desorption
cross section % is given by the sum of cross sections for the processes

(A), (B) and (C) which have alreadv been discussed in section 2.2.
o. =0, +C_ + T, . (3.2)

Relative importance of three contributions is shown for the cases of D+ and
Ar+ ions in Figs. 25 and 26. It is found that the contributions from Oy
and 9 dominate for D+ ion and low energy Ar+ ion, Especially, the con-
tribution from OB is very important for D+ ion. As can be seen in eqs.
(2.9) and (2.17), the desorption cross sections 0, and o_ depend on m;s; and

A
m, respectively, which are defined by interaction potent?al assumed. The
large values of my3 and m tend to overestimate the contributions from GA
and GB in the Tow energy region in comparison with experimental data. 1In
the calculaticns of desorption cross sections, appropriate values of mis
and m have been chosenr among the values in Table 1 by fitting the cal-
culated results to the experimental data. The exponents miz and m used in
the calculations are shown in Table 18. It can be seen that the exponents
for light ions are larger than those for heavier ions. This is a reason-
able and predicted result. When appropriate fitting parameters of m;; and
m cannot be found, mark (+ +) is used in the Table 18. About half of the
experimeﬁtal data are found to be explained by the model proposed by
Winters and Sigmund. Comparisons of the calculated results with the exper-
imental data are shown in Figs. 27 ~ 34 for light jons and in Figs. 35 ~ 47
for heavy ions. As can be seen from these figures, the dependences of
calculated data on projectile energy agree well with those of experimental
data in almost all cases although quantitative agreement is poor except for
a few cases. Especially, the agreement is remarkably poor in the cases in
Figs. 33, 37 and 40, These correspond to the cases marked by (+ +) in

Table 18. It might be possible that in these cases different mechanisms

may exist in the desorption process from Winters and Sigmund's theory.
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Table 18 Exponents m;3 and m used in the calculations of desorption cross

section

Ion Adsorabate Substrate mg, m

H* 0] Si(111) 1.0 1.0
O Ti 0.5 0.5
S Ni (110} ++ + +

D+ 0 Si (111) 0.5 1.0

SHe* H W(100) ++ ++

‘Het H Mo(110) 0.5 0.5%
8] Ni (110) 1.0 0.5
0 Mo (110) 0.5 0.5
0 Mo poly 0.5 0.5
S Ni(110) + + ++
S Mo (110) 0.5 0.5
CcO Mo(110) 0.5 0.5
CO Ni poly 0.5 0.5
CO Ni (110} + + + +
co Mo poly + + + +
CO Rh (001) + 4 + +

Ne * 0O Ni(110) ++ + +
0 Cu (110) + + ++
§) Mo (110) 0.055 0.055"

*) Agreement with the experimental data is excellent.
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Table 18 (continued)
Ton Adsorabate Substrate m,, m
Ne * S Ni poly 0.0 0.191
S Ni single + + + +
S Mo (110) 0.0 0.055
CoO Ni poly 0.191 0.191
CO Mo (110) 0.191 0.191
CO Rh (001} + + + +
Ar* C Ni(111) + + + +
0 Si(111) 0.0 0.055
0 Ti 0.0 0.191
0] Ni (110) ++ ++
0O Cu(110) + + + +
) Mo (110) 0.0 0.055
N W (100) 0.0 0.191
N Mo (100} 0.0 0.191
S Ni(110) + + + +
S Mo (110) 0.0 0.191
CO Mo (110) 0.0 0.333
Xet N Mo(100) 0.0 0.191
N W (100) 0.0 0.191
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Table 18 (continued)

Ion Adsorabate Substrate m,, m
H+ 0O TiC 0.5 0.5
D SS316 0.5 0.5
S SS316 0.5 0.5
CO SS304 + + + +
D+ 0 SiC 0.5 0.5
0 TiC 0.5 0.5
CcO SS304 + + + +
Het coO SS304 + + + +
Ne* CO SS304 + + + +
Ar*t O SiC 0.191 0.055
0 TiC 0.0 0.055
(010 SS304 + + + +
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4, Discussion

In the preceding section, calculated desorption cross sections have
been compared with experimental data. It is found that although
Winters and Sigmund’'s model can explain some data, it fails tc explain the
other data. Here we first discuss the energy dependence of those data that
are explainable by the model. Then we discuss the other desorption cross
sections that are not explainable by the model and try to derive an

empirical amnalytical curve for them.

4.1 Detailed studies of sputtering with TRIM.Sp>7238)

Computer simulation has been widely used in order to get a better
understanding of the collisional processeé. One of the advantages of
computer simulation is that physical processes can be described without
introducing special assumptions which are necessary in an analytical theory.
Another advantage is that computer simulation permits us to study physical
processes which are difficult to be eiperimentally carried out. Fckstein
and Biersack®’) have improved Monte Carlo TRIM code and got a new code
called TRIM.SP. 1In this code, four different collisional processes giving
rise to sputtered atom have been taken into account and their relative
contributions to the sputtering yields have been calculated. The sputtered
atoms consist of primary knock-on and secondary knock-on atoms, both of
which are created by either inward or outward (reflected) moving incident
ions, as shown in Fig. 48. Eckstein and Biersack have studied the

+ _+ +
sputtering of carbon, nickel and molybdenum bombarded with H , D , He ,

Ne+, Ar+ and Xe+ ions. The incident energy of ions ranges from 30 eV to
200 keV. A few results of their simulations are shown in Figs. 49, 50 and
51. All these results are obtained for normal incidence of ions. Figure
49 shows the ratio of primary and secondary knock-on atoms to all the
sputtered atoms from Ni by H+ ions. It is found that the primary and
secondary knock-on atoms created by the reflected ions are dominant at low
energies., At high energies E * 10 keV, the secondary knock-on atoms
created by lnward moving ions are dominant. The ceontribution from the
primary knock-on atoms due to inward moving ions is small over the entire
energy region. On the other hand, as can be seen from Fig. 50 which shows
for Ar+ ion that the relative contribution of secondary knock-on atoms

created by inward moving ions is always dominant for heavier incident ions.

This process has been treated with the transport theory proposed by
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Sigmundlz). Figure 51 shows an intermediate case, where the contribution
from primary knock-on atoms is dominant at low energies and that from
secondary knock-on atoms becomes important as the incident energy
increases. By referring to these results, we attempt to interpret the
energy dependence of experimental desorption cross sections in the follow-
ing sections. For light ions, the desorption cross sections are related

to the reflection coefficient by assuming that the desorption is caused by
only reflected fons. Contributions from inward moving ions is completely
neglected. For heavy ions, on the other hand, the desorption cross section
are calculated by assuming that the desorption is caused by collisicn

between sputtered atoms and adsorbed atom.
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Fig.

48 TFour possible sputtering events. SKA:
secondary knock on atom, PKA: primary
knock on atom
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4.2 Reflection process based on single collision model

In the last 15 years, the reflection process of light ions from random
sclids has been widely investigated, because of its great importance in
nuclear fusion research. Various theoretical approaches have also been
performed. These approaches are based on an elastic binary collisions of
ions with target atoms. One of the approaches is called a single collision
model. It is assumed in this model that a particle moves along straight
line in the target, losing its energy, until it undergoes a single and
large angle scattering with a target atom and then it returns to the sur-
face without further scattering. This approach first proposed by McCracken

and Freemansg)

is applicable to description of the scattering of light
particles of sufficiently high energies. As the energy of particles
decreases, the assumption of straight path before and after the collision
becomes less and less valid. In the low energy region, the processes of
ion penetration and reflection are described on the basis of statistical.
transport theory.

Derivation of an analytical expresslon for reflection coefficients of
light ions is attempted using a single collision model. An ion with
initial energy E is incident at an angle € with respect to the surface
normal and penetrates the target. The geometry of single collision model
is shown in Figure 52. The slowing down process is assumed to be described

by a friction-like electronic energy loss. The rate of energy loss is

given by
- dEfd_ =N S.(E) » (4.1)

where N is the atomic density of the target atom and SE(E) is the elec-
tronic stopping power. The electronic stopping power is assumed tc be
proportional to the wvelocity of ion according to the theory of Lindhard and
Scharff*?) . Using eq.(4.1l), the energy of the ion for any distance T trav-

elled within the solid is obtained by
E(T) = E(1 - T/TT)Z , (4.2)

where [ is the incident energy and T,. is the total path length. The energy

T
after the nuclear collision is given by sz(T), where E{(1) is the energy
before collision and k® is given by the usual expression for elastic colli-

sions calculated from the conservation of energy and momentum. Namely,
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k = [cos a + (u? - sin a)l/z] (1w, (4.3)

where a is the scattering angle and { is the ratioc of the mass of target

atom to that of incident ions, B = M;/Mi;. In the case of U ®» 1, recoil
energy loss can be neglected, namely k ~ 1. After the collision, the ion
moves to the surface and again loses energy due to the electronic colli-
sion. The emerging energy E; of the ion is given by the same procedure

which led to eq.(4.2),
Eo = Elk - (T/7p)(k + cos8/cosB)]? . (4.4)

The probability f(E,Eq,0,B5,2)dE; dfi for backscattering of an ion into a

solid angle dfi(=sinf dB d?) and an energy interval dE;, is given by
f(E,Eq,0,B,®)dE; d = N do[E(T)]dT , {4.5)

where d0 is the differential cross section for deflection in the laboratory
system. The cross section in the center of mass system, using the inverse

power approximation to Thomas-Fermi screening function, is expressed by

- . 2 —y12m . 2m--2
dUC =7Ta, Am[ETF/E(L)] d(~cos8y)/(sinfby/2) . {4.6)
Equation (4.6) is an alternative expression of eq.(2.3) where 8, is the
scattering angle in the center of mass system. Egquation {(4.6) is dependent

41,42) in the case of large

on the path length T through E{t). It is known
angle scattering that eg.(4.6) very closely approximates to the Thomas-

Fermi cross section when the exponent m and the matching parameter Am are

given by
m(e) = 1/3 + (2/3)[1 + (2ae*/3)"2/33-1 (4.7)
n () = f(e)y/et M, (4.8)
£(e) = Ael/3[1 + (et )2/l (4.9)

where f(g) is Lindhard's scattering function, £ is the incident energy in
Thomas-Fermi unit, ¢ = EO/ETF and A = 1.309. Equation (4.7) shows that the

exponent m increases gradually toward 1 as the energy increases and equals



JAERI-M 88-146

to 1/3 at low energy limit. The dependences of m and km on reduced energy
£ are shown in Fig. 53.  The laboratory cross section dC can be derived

from dOC by the standard procedure“a) and is given by

do = {a1p” A 2"*[E L /E(T) 1PM}F(a,u,m)dl (4.10)
with
Fla,uom) = {u/(1A) 71" { cos a+[u?~(sina )?11/2}2

x {u(sina ) 2+[u’=(sina )?]*/? cosa }7?

X [U‘?---(sina)z]_l/2 (sina )~2m-2 | (4.10)

If the Mass of incident ion is much smaller than that of the target 1 €y,
equation (4.11) becomes (l—cosa)“m'l and then eq.(4.10) can be written as

follows,
do = {a1z® A 2M7[E L /E(T)]) M (1-cosa) ™ an . (4.12)

Substituting eq.(4.12) into (4.5), the probability of the reflected ions

becomes

E(B,Es,0,8,9) = {a2? A 2772 £ 2 /[E,% §_(Eo)]}(l-cos a )~ (WD)

TF
X cosB(cosB+cosS)“m_1[cosB+(E/EO)1/2 cosf] R, (4,13)

where dT in eq.(4.5) 1s derived from eq.(4.4). The scattering angle a is

connected with the angles of incidence 8 and emergence (8,0) through
cosa= —cosf cosB + sinf sinP cos® . (4.14)

The particle reflection coefficient is defined by integration of eq,

(4.13) over the exit-angle (R,®) and-energy E, of the reflected particle,
R(E,cos88) = J dE, d2 f(E,E;,8,B,9) . (4.15)

By substituting eq.(4.13) into eq.(4.15) and integrating, we can get““),
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R{(E,cos8) = [)\mzm(l-ﬂ_}) Zu_lgu '(2m‘1)] (cos a )*(Hm—l) [4(4m_1)Y601/2] -1

x f d(cosB){[(cosB3+cos0) "Mt _(cosH) ™ 1] /(cosHtcosd) ™

Pm[(1+c059 cosB) /(cosO+cos®)]} , (4.16)
where Pm is the Legendre function of the first kind expressed as
P (2) = (1/m) [ a8/[z+(z>-1)*/2cosc] ™1 (4.17)

In equation (4.16), the yeol/z is the electronic stopping power expressed

by dimensionless unit and v is defined as
Y = 0.07953 2,1 2z, 2z 2 g 2 ey sl q an Y32y 312y 10 (4.18)

where A; and A; are the masses of the projectile ion aﬁd target atom, Z3
and Z; are the atomic numbers of the projectile ion and target atom. If
Ay € A; and Z; ¥ Z,, then equation (4.18) becomes 0.07953 le/aAl_l/zu.
In the case of normal incidence, the reflection coefficient R{E,l) is

given by

R(ELD) = [£(e) /e ?1(u/v)T(m) (4.19)
with

I(m) = [(3m-1)-(4m-1)2"4m2"™ 1 /[4m(4m=-1) (3m-1)] . (4.20)
The energy dependence of I(m) is shown in Fig. 53. The reflection coeffi-
cient R(E,cosf) at oblique incidence””) can be approximated by that of

normal incidence such as,

R(E,cos8) = R(E,1)[cosf] 3T2(1-m) (4.21)
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4.3 Contributions of the reflected ions to desorption process

In this section, the collision of the reflected ion with the adsorbate
atom is analytically treated using the reflection coefficient derived in
sectlon 4.2. The desorption cross section due to this process has already
been derived in section 2.2, If the incident energy E is larger than

Usz/ri3, them equation (2.17) becomes

7y = [8 C1a/Us 71 [R(z,0) /827 (4.22)

with
Ciz = (7/2)h1/2a15” (0 M3) >/ 2(22125€% Jara) . (4.23)
where the exponent m is equal to 1/2 as shown in section 3-2. Substituting

eq. (4.21) into (4.22) and expressing the incident energy E by the Thomas-

Fermi unit, we can get,

Ty = [G(A1,A3,21,22,23) /Us /2] (cos®) ¥ F2 W 1 (my11£¢e) je] (4.24)
with
G(A1,A3,21,22,23) = 126A1A3" /22,71 /87,72/97, (2,2 /34,2 /3y -2 /2 (4.25)

where A3 and Z3; are mass number and atomic number of the adsorbate atom.
Here the desorption cross section is expressed by (angstrom)® unit. To
facilitate comparisons of the experimental data for different ions, the

+
+ and He dons are plotted as a

desorption cross sections for H+, D
function of £ as shown in Figure 54. It is found that most of the cross
sections gradually decrease as € increases. To derive the energy-
dependence of the desorption cross section, which is independent of
incident ion, target atom and adsorbate atom, the experimental data are
divided by G(A1,A5,21,72,23)05" /% (cos) * 22 1(ny and the results are
shown in Fig. 55. The energy dependence of f(g)/c, which is included in
eq.{4.24), is also shown in Fig. 55. It can be seen that the energy
dependence of the normalized cross sections is similar to that of f{eg)/e
for the case of H+ and D+ ions especially in the high energy region. This
suggests that desorption process for H+ and D+ ions is induced by the

; . . +
collision of the reflected ions with the adsorbate atoms. For He ion,
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the energy-dependence of the experimental data deviates significantly from
f(g)/e. The increase in the deviation with decreasing energy may be due
to the fact that the collision of primary recoil atoms created by the
reflected ions with the adsorbate atom is not taken into account in eq.
(4.24), However, it is difficult to treat analytically this process
because of the lack of correct information available on the energy- and
angular— distribution of the reflected ions, There are only a few

works“s’ue’“7) dealing with this process.



(cm?2)

Desorption Cross Section

JAERI-M 88146

10-‘5 [ L3 T \J LN BENN BN A B | L] T LA R B B N | T T L T T ]
3 o o o o .
5 o o o0
a
4 o]
@
A u A B
10t © " 5 ]
3 C 0 o [ ] E
1 Oos % v P o & T
[ p o9 g8e " 2 .
L a A 0] 4
o DE 2 2, )
5 - v % b
-3 0 o]
0 & A
5 0 fe Tel 0 A ]
e 0
L ® .
UL D & Het . A .
- = D/SS316 & H/Mo a ]
. e O/Ti v O/Ni(110) ]
A O/TiC a  O/Mo(l110) ]
= 3/58316 o J/Mof110)
I . ©  CO/Nipoly 1
b o  CO/Mo(110)
@ OISE(III) ¢ CO/Mopoly 4
e 0/8iC
& O/TIC
10"5 " " b aaaal 1 2 t 13 aaal 1 X PR S S N 1
10°? 10! 109 10
Reduced Energy ¢
Fig. 54 Desorpticn cross section as a function of

reduced energy €



op/ [ G Uz 1'2I(m) (cosg) -3+201-m) ]

JAERI--M 88-1456

10 l [ L 13 T Bl T T v
o
10 ° -
Het
& H/Mo(l1l0)
10" v O/Ni(l1lD
[ D 0O/Mo(L10) -
- o 8/Mo(110) -
| ¢ CO/Nipoly
| 0 CO/Mo(110)
i D+ I’I+
A m D/SS316
" g;:{élm e O/Ti
2 OI’I‘EC 4 o/mc
! e §/S9316
102 1 : s 3 sl " " R | 5 i P R A
102 10-t 10°

Reduced Inergy ¢

Fig. 55 Normalized desorption cross secticn as a function
of reduced energy ¢



JAERI-M 88-146

4.4 Contributions of the sputtered atoms to desorption process

The sputtering yield for heavy ions is given by

S(E,cos8) = (3.559/U2)a*[M1/(M1+M2)][2122/(212/3+222/3)1/2]

% (=de/dp) (cost) ™!, (4.26)

where U, is expressed in eV unit, (-d=/dp) is the nuclear stopping cross

section expressed by dimensicnless unit and given by (2.37) in section 2-5
and the values of a* are shown in Table 11, The desorption cross section
due to the sputtered atoms has already been given by eq.(2.23). Inserting

eq.(4.26) into (2.23), we can get the desorption cross section

OD = G(Z1,Z2,M1,M2)(¥23U3/Us)F{r12r,3E/Us wTo3Us /Ust

X (1-Uz/r12E) "2 s (), (4.27)
with

G(Z1,Z7,M1,M,) = 7.23[3.559 a*/(Uzcose)][Ml/(Ml-f-Mz)]

x [2122/(212 42,213y 2y (4.28)

where OD is expressed in (angstrom)2 unit. As can be seen in eq.(4.27),
the desorption cross section depends on the energy E through F{ri,r>3E/Us,
T23U2 /U3, (1-Uz/r12E)”% and sn(E). However, the energy dependence of
F{rlzrzaE/Ug,rggUz/Ug}X(l—Ug/rlgE)fz is very weak over the energy range
except at low £, as shown in Fig. 56. Tt can, therefore, be that
Fir12r23E/Us,r23U2 /Us}x(1-Uz2/r12E) "% has no dependence on projectile energy.
The energy dependences of experimental desorption cross sections for Ne+,
Ar+ and Xe' ions are shown in Figs. 57 and 58 as a function of reduced
energy. The normalized desorption cross sections which are obtained from
the experimental data divided by G(Z1,Z22,M1,Mz){(rz3U2/U3), and sn(e) are
shown in Fig. 59. Although the energy dependence of the normalized
desorption cross sections is similar to sn(e) for heavy ions, a significant
deviation from sn(E) can be found in some cases for Ne+ and Ar+ ions.

This may arise from the contribution of the reflected ions to desorption

precess, which is not taken into account here.
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4.5 Other energy dependences of desorption cross section

As has been discussed in section 3, some of the experimental
desorption cross sections cannot be explained not only quantitatively but
also qualitatively by Winters and Sigmund's model. These data increase
with the increase of incident energy, irrespective of ion species, Some of
them rapidly increase according to E? where a is larger than 1. The
parameters a and Q obtained when the experimental data are assumed to be
given by QEa, have already been given in Table 17. The desorption cross
sections for chemisorbed S atoms on Ni surface are shown in Fig. 60 as
functions of projectile energy and projectile-ion species. The desorption
cross sections for heavier ions are larger than those for light ions as
expected, but their energy dependenée cannot be explained by the model
discussed in the previous section. Figure 61 shows the energy dependence
of the desorption cross sections with an energy parameter E/{Usri; *). In
this case, the desorption cross section shows a linear dependence on the
energy parameter in a log-log scale. It is roughly proportiomal to
[E/(Usr13)]? regardeless of projectile ions. Figure 62 shows the normalized
desorption cross sections for Ne+ ions as a function of reduced energy =,
where the normalized desorption cross sections are calculated from the same
procedures discussed in section 4~4, Tt is also found that the desorption
cross section shows a linear dependence on € regardless of adsorbate-target

#+3, Figure 63 shows the

combinations. It is roughly proportional to &
. ] . + + . - .
normalized desorption cross sections for Ar and He ions which increase

linearly with reduced energy c.
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5. Conclusions

Comparisons of the experimental and calculated ion-impact desorption
cross sections have been carried out. It has been found that the model
proposed by Winters and Sigmund is not sufficient to describe the
desorption processes and further studies of desorption processes are needed
to explain, for example, the energy dependence of the desorption cross
section. TFor light ions such as H+ and D+ ions, the collision of the
reflected ion with adsorbate atom is found to be important. In addition,
the collision of primary recoil atoms created by the reflected ions with
adsorbate atoms should be taken into account especially for He+ ions. The
fact that the reflected projectile is the principal source for desorption
is the same to the situation of light-ion sputtering. For heavy ions such
as Ar+ and Xe+ ions, the desorption processes can be explained fairly well
on the basis of the linear collision cascade theory proposed by Sigmund
with a modification from collision between sputtered and substrate atoms to
collision between sputtered and adsorbed atoms on the surface. In the
Sigmund theory, the collision of reflected ion with the substrate atom and
the subsequent collisional cascade are not taken into account explicitly.
This process is found to become dominant for the desorption processes for
Ne+ ions. The key to evaluate this effect is analytical description of the
energy- and angular-distribution of the reflected ions in the energy range
.5 keV €« E « 5 keV.

Since theoretical description of the energy dependence of the
desorption cross section is insufficient, derivation of a simple empirical
analytical curve from the compiled data is favourable. Figures 54, 57 and
58 show that all the desorption cross sections have similar shape against
incident energy. This means that all curves fall in a curve by displacing
appropriately in horizontal and vertical directions in a log=-log scale,
Namely, the desorption cross section may be expressed by a universal energy
function.

Ion—-impact desorption experiments have so far been carried out on
single crystal surfaces covered with less than monolayer, but the
crystallographic orientations of the substrate relative to the incident
beam directions have not been cleary defined. On the other hand, the
desorption processes discussed above are based on the reflection and
sputtering for polycrystalline material. If anisotropic effects on the
desorption processes can be taken into account, we may find a way to

explain the energy-dependence discussed in section 4.5, where the desorption

— 86—



JAERI-M 88-1456

cross sections increase with incident energy more rapidly than those
expected from the theory. It has been reported that the sputtering yield

+
“8). In the case of Ar

of single crystal materials depends on the planes
ions on (111} plane of Cu, the sputtering vields are larger than those of
polycrystalline material. The yield curves show relatively sharp maximum
at an energy. This energy depends on the crystallographic orientation of
the surface plane and is much smaller than the corresponding energy for

the polycrystalline materials. Consequently, the yields for a particular

surface plane are more than two or three times larger than those for the

polycrystalline materials.,



JAERI-M B88-146

References

1) K.L. Wilson; J. Nucl. Mater. 103/104 (1981) 453,

2) H.F. Winters and P. Sigmund; J. Appl. Phys. 45 (1974) 4760.

3} W. Eckstein and H. Verbeek; Nucl. Fusion, Special Tssue, '"Data Com-
pendium for Plasma-Surface Interactions" edited by R.A. Langley et al.
(TAEA, Vienna, 1984) p 12, -

4) J. Bohdansky; Nucl. Instrum. & Methods Phys. Res. B2 (1984) 587.

3} E. Miyazaki and I. Yasumori; Surf. Sei. 55 (1976) 747.

6) T. Oshiyama, S. Nagai, K. Ozawa and F. Takeutchi; JAERI-M, 85-100
(1985).

7} 0.B. Firsov; Sov. Phys. JETP 7 (1958) 308.

8) P. Gombas; Rev. Mod. Phys, 35 (1963) 512.

9) S. Kobayashi, T, Matsukuma, S. Nagai and K. Omeda; J. Phys. Soc.
Jprn. 10 (1955) 759.

10) C. Lehmann; in the Interaction of Radiation with Solids and Elementary
Defect Production edited by S. Amelinckx et al. (North Holland, New
York, 1977) p 78.

11) J. Lindhard, V. Nielsen and M. Scharff; Mat. Fys. Medd. Dan. Vid.
Selsk., 36 no.l10 (1968).

12y P. Sigmund; Phys. Rev, 184 (1969) 383,

13) W. Eckstein and H. Verbeek; Max-Planck-TInstitute fur Plasmaphysik
Report IPP-9/32 (1979).

14) J. Bohdansky; Nucl. Fusion, Special Issue, '"Data Compendium for
Plasma-Surface Interactions' edited by R.A. Langley et al. (TAFA,
Vienna, 1984) p 61.

15) L. Pauling; in the Nature of the Chemical Bond (Cornell University,
Ithaca, 1960). '

16} D.D. Eley; Disc. Faraday Soc. 8 (1950) 34.

17) D. Brennan and F.H. Hayes; Phil. Trans. Roy. Soc. London A 258
(1965) 347.

18) D.D. Eley and P.R. Norton; Proc. Roy Soc. London A 314 (1970) 301.

19) H.0. Pritchard and H.A, Skinner; Chem. Rev. 55 (1955) 745.

20) S. Trasatti; J. Chem. Soc. Faraday Trans. I 68 (1972) 229.

21} E.S. Mashkov; Radiat. Eff. 54 (1981) 1.

22) E.S. Mashkova and V.A. Molchanov; in the Medium Energy Lon Scattering
from Surfaces of Solid (Atomizat, Moscow, 1980).

23) N.N. Koborov, V.A. Kurnaev, V.G. Telkovsky and G.I. Zhabrev; Radiat.
Eff. 63 (1983) 135.

_98_



JAERI-M 88-1486

24) M.W. Thompson; Phys. Reports 4 (1981) 335.

25) H.H. Andersen and H.L. Bay; in the Sputtering by Particle Bombardment
I, edited by R. Behrisch (Springer, Berlin, 1981) p 145.

26) P. Sigmund; in the Sputtering by Particle Bombardment I, edited by
R. Behrisch (Springer, Berlin, 1981) p 9.

27) P. Sigmund; Rev. Roum. Phys, 17 (1972) 1079,

28) P. Sigmund; In the Inelastic Ion-Surface Collisions edited by N.H.
Tolk et al. (Academic Press, New York, 1977) p 121.

29) D.L. smith; J. Nucl., Matter. 75 (1978) 20.

30) N. Matsunami, Y. Yamamura, Y. Itikawa, N, Itoh, Y. Kazumata,

S. Miyagawa, K. Morita and R. Shimizul Radiat. Eff, Lett. 57 (1980) 15.
31) R. Weissman and P. Sigmund; Radiat. Eff. 19 (1973) 7.
32) R. Weissman and R. Behrisch; Radiat. Eff. 19 (1973) 69.
33) J. Bohdansky; J. Nucl. Mater. 93/94 (1980) 44.
34) J. Bohdansky, J. Roth and H.L. Bay; J. Appl. Phys. 51 (1980) 2861.

35) H.L. Bay, J. Roth and J. Bohdansky; J. Appl. Phys. 48 (1977) 4722.

36) Y. Yamamura, Y. Ttikawa and N, Itoh; Nagoya University Institute of
Plasma Physics Report IPPJ-AM-26 (1983).

37) W. Eckstein and J.P., Biersack; Nucl. Instrum. & Methods Phys. Res.
B 2 (1984) 550,

38) J.P. Biersack and W. Eckstein; Appl. Phys. A 34 (1984) 73,

39) G.M. McCracken and N.J. Freeman; J. Phys. B 2 (1969) 661.

40) J. Lindhard and M. Scharff; Phys. Rev. 124 (1961) 128,

41) J. Vukanic and P. Sigmund; Appl. Phys. 11 (1976) 265.

42) E. Kawatoh, R. Shimizu and J. Fujita; Jpn. J. App. Phys. 24 (1985)
1150.

43) 1.C. Feldman and J.W. Mayer; in the Fundamentals of Surface and Thin
Film Analysis (North-Holland, New York, 1986) p 33.

44y J, Vukanic. R.K. Janev and D. Heifetz; Nucl. Instrum. & Methods Phys.
Res. B 18 (1987) 131.

45) U. Littmark and 5. Fedder; Nucl. Instrum. & Methods 194 (1982) 607.

46) Y. Yamamura, N. Matsunami and N. Itoh; Radiat. Eff. 71 (1983) 65.

47) G. Falcone and A. Oliva; Nuovo. Cimento 5 (1985) 464.

48) H.E, Roosendaal; in the Sputtering by Particle Bombardment I, edited
by R. Behrisch (Springer, Berlin, 1981) p 219.

_99-



JAERI-M 88-146

Appendix

Table Al Experimental data on heat of 0, adsorption

Element Q (kecal /mole)

Al 211 1

Ti 236 1) 233 2)

cr 174 1

Mn 150 1) 157 2)

Fe 136 1) 135 2)

Co 100 ¥ 101 20 gg 3)

Ni 107 Y 119 20 107 %)

Nb 208 1) 207 2)

Mo 172 1 178 2 192 3) 110 ¥)

Ru 80 ~ 90 °)

Rh 76 1) 123 2)

Pd 67 ) 70 2

Ta 212 ¥ 213 2)

W 194 Y 200 20 183 3 118 ~ 119 ¥
127 1) 92 1) y37 12) 13p 13)
110 *)

Ir 65 ¢) 70 7)

Pt 67 Y 7220 g9 8) 4o 15)

1) D. Bremnan, D.0. Hayward and B.M.W. Trapnell, Proc, Roy. Soc. London
A256, 81-105 (1960).
"The Calorimetric Determination of the Heats of Adsorption of Oxygen on
Evaporated Metal Films"

2) J.J. Burton, Surf. Sci. 66, 647-651 (1977).
"A General Rule for the Adsorption of Gases on Metals"

3> D. Brennan and M.J. Graham, Disc. Faraday Soc. 41, 95-101 (1966).
"Heat of Adsorption of Oxygen on Evaporated Films of Molybdenum,
Tungsten, Cobalt and Nickel at 77, 90 and 273 °K, and Nature of
Adsorbed Layers"

4) P.A, Redhead, Can. J. Phys. 42, 886-905 (1964).

"Interaction of Slow Electrons with Chemisorbed Oxygen'
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5)

6)

7)

8)

9)

10)

I1)

12)

13)

14)

15)
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T.E. Madey, H.A. Engelhardt and D. Menzel, Surf. Sci. 48, 304-328
(1975).

"Adsorption of Oxygen and Oxidation of CO on the Ruthenium (001)
Surface"

V.P. lLvanov, G.K. Boreskov and V.I. Savchenko, Surf. Sci. 61, 207-220
(1976).

"The Chemisorption of Oxygen on the Iridium (111) Surface"

J. Kuppers and A. Plagge, J. Vac. Sci. Technol. 13, 259-263 (1975).
"Interaction of CO and 0, with Ir (111) Surfaces"

G. Kneringer and F.P. Netzer, Surf. Sci. 49, 125-142 (1975).
"Adsorption Studies of Oxygen and Carbon Monoxide onm a Pt (100)
Surface™

D.A. King, T.E. Madey and J.T. Yates, Jr., J. Chem., Phys. 55, 3236~
3246 (1971).

"Interaction of Oxygen with Polycrystalline Tungsten I. Sticking
Probabilities and Desorption Spectra'

C.G. Goymour and D, King, J. Chem, Soc. Faraday I 68, 280-289 (1972).
"Field Emission Study of the Formation and Desorption of Oxide
Layers on Tungsten Surfaces"

C. Kohrt and R. Gomer, J. Chem. Phys. 52, 3283-3294 (1970).
"Adsorption of Oxygen on the (110} Plane of Tungsten"

Yu. G. Ptushinskii and B.A. Chuikov, Surf. Sci. 6, 42-56 (1967).
"Mass Spectrometric Invesitgation of the Interaction of Oxygen with a
Tungsten Surface™

W. Engelmaier and R.E. Stickney, Surf. Seci. 11, 370-394 (1968).
"Adsorption Studies Based on Thermonic Emission Measurement 2.
Oxygen on Single Crystal Tungsten'

T.E. Madey, Surf. Sci., 33, 355-376 (1972).

"Adsorption of Oxygen on W{100): Adsorption Kinetles and Electron
Stimilated Desorption”

D.M. Collins, J.B. Lee and W.E. Spicer, Surf. Seci. 35, 389-402
(1976).

"A Photoemission and Thermal Desorption Study of Carbon Monoxide and

Oxygen Adsorbed on Platinum"
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Table AZ Experimental data on heat of N, adsorption

Element Q (kcal /mole)
cr 105 1
Fe 70 'Y 40 ?) 50~ 60 ¥
Zr 150 2)
Mo 63 12) g5 2)
Rh 58 )
Ta 138 10 139 2 140 %) 102 ©)
W 95 ) 119 2) 79 7),8) 75 10)
74 13),1%)
Ir 58 )
Pt 62 °)

1) 0. Beeck, W,A. Cole and A. Wheeler, Disc. Faraday Soc. 8, 314-321
(1950).
"Determination of Heats of Adsorption Using Metal Films"

2) J.J. Burton, Surf. Sci. 66, 647-651 (1977).
"A General Rule for the Adsorption of Gases on Metals"

3) G. Eru, M. Grunze and M. Weiss, J. Vac. Sei. Technol. 13, 314-317
(1876).
"Chemisorption of N; on an Fe (100) Surface"

4) V.Jy Mimeault and R.S. Hansen, J. Phys. Chem. 70, 3001-3003 (1966).
"Nitrogen Adsorption on Itidium and Rhodium"

5) R.P.H. Gasser, C.P. Lawrence and D.G. Newman, Trans. Faraday Soc,
62, 2916-2921 (1966).
"Interaction of Nitrogen wist Tantalum'"

6) R. Griffiths and J.A. Pryde, Trans. Faraday Soc. 63, 2599-2604
{1977).
"Solubility of Nitrogen in Tantalum"

7) P.W. Tamm and L.D. Schmidt, Surf. Sci. 26, 286-296 (1971}.
"Crystallographic Anisotropies in Condensation: N, on (110) W"

8) P.J. Estrup and J. Anderson, J. Chem. Phys. 46, 567-570 (1967).
"LEED Studies of the Adsorption Systems W (100) + N, and W (100) +
Nz + co"

9) M. Wilf and P.T. Dawson, Surf. Sci. 60, 561-581 (1976).
"Adsorption of Nitrogen on Platinum"

10) T.A. Delchar and G. Ehrlich, J. Chem. Phys. 42, 2686-2702 (1965).

"Chemisorption on Single-Crystal Planes: Nitrogen on Tungsten"
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11)

12)

13)

14)
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J. Bagg and F.C. Tompkins, Trans. Faraday Soc. 51, 1071-1080 (1955).
"Calorimetric Heat of Sorption of Gases on Evaporated Iron Films"
T. Oguri, J. Phys. Soc. Jpn. 19, 77-83 (1964).

"Chemisorption of Nitrogen on Molybdenum"

L.R. Clavenna and L.D. Schmidt, Surf. Sci. 22, 365-391 (1970).
"Interaction of N, with (100) W"

D.L. Adams and L.H. Germér, Surf. Seci. 27, 21-44 (1971).

"Adsorption on Single-Crystal Planes of Tungsten I. Nitrogen"
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Table A3 Experimental data on heat of H, adsorption

Elements Q (kecal/mole)

Ti 39 1)

Cr 45 1),2)

Fe 3320 27 9 28 ~ 36 1)

Co 24 & 4 2) 34 )

Ni 302 24 2 37 %5) 35 %) g3 6)

Cu 28 = 4 2) g 1)

Nb 27 + 3 %)

Mo 401)’2)’3)

Ru 26 + 2 2)

Rh 26 2) 27 %)

Pd 26 27+3) g 1)

Ta 45 1)s2)

W 46 2) 43 %) 32 8)59) 45 1)
38 %)

Re 30 19)

Ir 26 =2 2) 24 ®)

Pt 27 + 17 37 %) 31 1Y) gy 12),13)
26 1)

b

2)

3)

4)

5)

6)

§. Trasatti, J. Chem. Soc. Faraday Trans. I 68, 229-235 (1972).

"Electronegativity, Work Function, and Heat of Adsorption of Hydrogen

on Metals"

D.P. Stevenson, J. Chem. Phys. 23, 203 (1955).

"Heat of Chemisorption of Hydrogen in Metals"

J.J. Burton, Surf.

Sei.

66, 647-651 (1977),

"A General Rule for the Adsorption of Gases on Metals"

D.I. Hagen and E.E, Dowaldson, Surf. Sci. 45, 61-76 (1974).

"Interaction of Hydrogen with a (100) Niobium Surface"

D. Lichtmann, F.N. Simon and T.R. Kirst, Surf. Sci.

(1968).

"Electron Probe Surface Mass Spectrometry Study of the Hydrogen - 100

Nickel System"

J. Lapujoulade and K.S. Neil, J. Chem. Phys. 57, 3535-3545 (1972).

9, 325-346

"Chemisorption of Hydrogen on the (111) Plane of Nickel"
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7)

8)

9)

10)

11)

12)

13)

14)
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B.J. Mimeault, R.H. Hansen, J. Chem. Phys. 45, 2240-2250 (1966).
"Flash Desorption and Isotopic Mixing of Hydrogen and Deuterium
Adsorbed on Tungsten, Iridium and Rhodium"

P.W. Tamm and L.D. Schmidt, J. Chem. Phys, 51, 5352-5363 (1969).
"Interaction Hy with W(100) TI. Binding States"

P.W. Tamm and L.D. Schmidt, J. Chem. Phys. 54, 4775-4787 (1971).
"Binding States of Hydrogen on Tungsten"

K.F. Poulter and J.A. Pryde. J. Phys. D 1, 169-172 (1968).
"Chemisorption of Hydrogen on Rhenium"

V.A. Lampton, Thesis, Chemical Engineering Department, University of
California, Berkeley 1971.

H. Chon, R.A, Fisher and J.G. Aston, J. Am. Chem. Soc. 82, 1055-1057
(1960).

"On the Preparation of Platinum Black with Clean Surface. Preliminary
Heats of Adscrption of Hydrogen"

W.H. Weinberg, D.R, Monroe, V. Lampton and R.P, Merrill, J. Vac. Sci.
Technol. 14, 444 (1977).

"Interaction of H, and 0; on platinum (I111)"

D.D. Eley and P.R, Norton, Proc. Roy. Soc. Lond. A 314, 301-318 (1970).
"Heats of Adsorption on Metal Wires. I Hydrogen on Polycrystalline

Tungsten"
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Table A4 Experimental data on heat of GO adsorption

Element Q (kcal /mole)
Mg 76 1)
T1 156 2)
cr 150 )
Mn 80 2
Fe 46 2)
Co 46 1) 48 2)
Ni 40 1 422 30 )
Zr 148 1) 146 9
Nb 116 1 133 2)
Mo 60 ) 7520 g9 %) 77 5) 50 4)
Ru 28 °) 23 13)
Rh 46 1) 49 2) 39 7)
Pd 40V 432 34 ~40 %) 33 %)
29 1n)
Ta 128 ) 136 %)
W 80 1) 100 ) % see references 15 ~ 21
Tr 32 ~ 34 12)
Pt 46 1) 51 2) 40 100 3p 11)

D. Brennan and F.H. Hayes, Phil. Trans. Roy. Soc. London A258 347-
373 (1965).

"The Adsorption of Carbon Monoxide on Evaporated Metal Films"

J.J. Burton, Surf. Sci. 66, 647-651 (1977).

"A General Rule for the Adsorption of Gases on Metals"

J.C. Tracy, J. Chem. Phys. 56, 2736-2747 (1972).

"Structure Influences on Adsorption Energy II. CO on Ni (100)"

E. Gillet, J.C. Chiarena and M, Gillet, Surf. Sci. 66, 596-612 (1977).
"Chemsorption du Monoxyde de Carbone Sur La Face (110) du Molybdene
L. Etude Experimentale de 1'Adsorption-Desorption de CO/Mo (110)"

€. Guillot, R. Rinan and J. Lecante, Surf. Sci. 59, 581-592 (1976).
"Dissociation of CO on Mo (l100)"

P.D. Reed, C.M, Comrie and R.M. Lambert, Surf. Sci. 59, 33-45 (1976).
"Chemisorption, Surface Structural Chemistry, and Electron Impact

Properties of CO on Ru (101)}"
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7)

8)

9

10)

11)

12)

13)

14)

15)

16)

17}

18)

19)

20)
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R.A. Marbow and R.M. Lambert, Surf. Sci. 67, 489-500 (1977).
"Chemisorption, Surface Structural Chemistry, and Electron Impact
Properties of Carbon Monoxide on Rhodium (110)"

H. Conrad, G. Ertl, J. Koch and E.E. Latta, Surf. Sci. 43, 462-480
(1974).

"Adsorption of CO on Pd Single Crystal Surfaces"

J.C. Tracy and P.W. Palmberg, J. Chem., Phys. 51, 4852-4862 (1969).
"Structural Influences on Adsorbate Binding Energy I, Carbon
Monoxide on (100) Palladium”

W.L. Winterbottom, Surf. Sci., 37, 195-204 (1973).

"Application of Thermal Desorption Methods in Studies of Catalysis,
I. Chemisorption of Carbon Monoxide on Platinum"

R.M, Lambert and C.M. Comrie, Surf. Sci. 46, 61-80 (1974).

"The Oxidation of CO by NO on Pt (111) and Pt (110)"

J. Kiuppers and A. Plagge, J. Vac. Sci. Technol. 13, 259-263 (1975).
"Interaction of CO and 0; with Ir (111) Surfaces"

T.E. Madey, H.A. Engelhardt and D. Menzel, Surf. Sci. 48, 304-328
(1975).

"Adsorption of Oxygen and Oxidation of CO on the Ruthenium (001)
Surface"

T.E. Madey, J.T. Yates, Jr., A.M, Bradshaw and F.M. Hoffmann, Surf.
Sci. 89, 370-380 (1979).

"Evidence for "Inclined" CO on Pd (210)"

P.A. Redhead, Trans. Faraday Soc. 57, 641-636 (1960).
"Chemosorption on Polycrystalline Tungsten, Part I Carbon Monoxide"
C. Kohrt, R. Gomer, Surf. Sci. 24, 77~103 (1971).

"The Adsorption of CO on the (110) Plane of Tungsten”

M.R. Leggett and R.A, Armstrong, Surf. Sci. 24, 404-416 (1971).

"A Study of Hydrogen Adsorption on a (100) Tungsten Surface Using
a Simple HEED System"

L.R. Clavenna and L.D. Schmidt, Surf. Sci. 33, 11-26 (1972).
"Decomposition of €0z on (100) W"

D.A. King, C.G. Goymour and J.T. Yates, Jr., Proc. Roy. Soc. London
A331, 361-376 (1972).

"Chemisorption of Carbon Monoxide on Tungsten'

C. Kohrt and R. Gomer, Surf, Sci. 40, 71-84 (1973).

"The Adsorption of CO on Tungsten, the Sticking Coefficient and

Absolute Surface Coverages"
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21y J.T. Yates, Jr., T.E. Madey and N,E. Erickson, Surf. Sci. 43, 257-274

(1974).

"ESCA Study of Carbon Monoxide and Oxygen Adsorption on Tungsten"
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Table A5 Experimental data on heat of S5; adsorption

Element _ Q (kcal/mol)
Cr ' 66.1
Fe 45.3
Ni 55.1
Cu 42,6 38
Mo 51.8
Ag 29 26,2 22.0
Pt 37.1 44,9

ofe
H

" J. Benard, Surf. Sci. 88 L35 - L4l (1987).

"The Thermodynamics of Some Metallic 2D Suphides"
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10.

i1,
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Table A6 List of Compilations on Atomic and Molecular Data

"Production processes of multiply charged ions by electron impact":
N. Oda, JAERI-M 8675 (1980) (in Japanese).

"Review of theories of charge transfer processes invelving highly
stripped heavy ions': M. Matsuzawa, JAERT-M 8676 (1980) (in
Japanese).

"Data on collisions of helium atoms and ions with atoms and
molecules I. (Cross sections for charge transfer of He, He+, and
He'™ with H, H,,
JAERI-M 8849 (1980) (inlJapanese).

"Cross section for charge transfer collision involving hydrogen

and He": Y. Nakai, M. Sataka, and T. Shirai,

atoms": Y. Kaneko, T. Arikawa, Y. Itikawa, T. Iwai, T. Kato, M.
Matsuzawa, Y. Nakai, K. Okuno, H. Ryufuku, H. Tawara, and T.
Watanabe, IPPJ-AM-15 (1980).

"Ionization cross sections for ion-atom and ion-molecule collisions

I (Tonization cross sections for H+, H2+, H3+, He+ and He++ incident

on H, H, and He)": M. Sataka, T. Shirai, A Kikuchi and Y. Nakai,

JAERI-M 9310 (1981).

"Report of workshop on particle material interactions for fusion

research', A & M data research committee, JAERI-M 9775 (1981) (in

Japanese).

"Electron capture and loss cross sections for collisions between

heavy ions and hydrogen molecules.': Y. Kaneko, Y. Itikawa, T. Iwai,

T. Kato, Y. Nakai, K. Okuno, and H. Tawara, IPPJ-AM-20 (1981).

"Negative ion formation and neutralization process (I) - Related to

plasma heating by "Negative ion based neutral beam injection" -": T.

Sugiura, JAERI-M 9902 (1982) (in Japanese).

"Negative ion formation and neutralization process (II) - Related to

plasma heating by "Negative ion based neutral beam injection” -": T.

Sugiura, JAERI-M 82-116 (1982) (in Japanese).

"Data on trapping and re-emission of energetic hydrogen isotopes
and helium in materials': S. Yamaguchi, K. Ozawa, Y. Nakai, and Y.
Sugizaki, JAERI-M 82-118 (1982).

"Data on collisions of hydrogen atoms and ions with atoms and
molecules I (cross sections for charge transfer of H, H+ and H
with H,, N,, 0,, H,0, C and carbon containing molecules)": Y.

Nakai, A. Kikuchi, T. Shirai, and M. Sataka, JAERI-M 83-013 (1983).
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12.

13,

14,

15.

16.

17.

18.

19.

20.

21.

22.
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"Data on thick target bremsstrahlung produced by electrons": S.
Tanaka, R. Tanaka, T. Tabata, R. Tto, Y. Nakai, and K. Ozawa,
JAERT-M 83-019 (1983).

"Atomic structure calculation of energy levels and oscillator
strength in Mo ion, T (3p®3d®-3p°3d° 3d®-3d74p and 3da%-3d74f
transitions in Mo XVII)": K. Ishii, JAERI-M 83-034 (1983).

"Data on collisions of hydrogen atoms and ions with atoms and
molecules II (Cross sections for charge transfer of H, H+ and H
with He, Ne, Ar, Kr and Xe)": Y. Nakai, A. Kikuchi, T. Shirai, and
M. Sataka, JAERI-M 83-143 (1983).

"Atomic structure calcuiation of energy levels and oscillator
strength in Ti ion, I (3s-3p and 3p3d transitions in Ti IX)": K.
Ishii, JAERI-M 83-155 (1983).

"Atomic structure calculation of energy levels and oscillator
strength in Ti ion, II (3s-3p and 3p3d transitions in Ti X)": K.
Tshii, JAERT-M 83-164 (1983).

"Atomic structure calculation of energy 1evels and oscillator
strength in Ti ion, III (3s-3p and 3p3d transitions in Ti XI)": K.
Ishii, JAERI-M 83-198 (1983).

"Stopping power for ions in solids": M. Kitégaw&, JAERI-M 83-223
(1983} (in Japanese).

"Report of workshop on computer simulation of atomic collision
processes in solids": A & M data research committee, JAERI-M 83-226
(1983) (in Japanese).

"Report of the 2nd workshop on particle material interactions for
fusion research”: A & M data research committee, JAERI-M 83-235
(1983) (in Japanese).

"Atomic structure calculation of energy levels and oscillator
strength in Fe ion, I (3s-3p and 3p3d transitions in Fe XV)" K.
Ishii, H. Kubo, and K. Ozawa, JAERI-M 83-240 (1983).

"Data on ionization, excitation, dissociation, and dissociative
ionization of targets by helium ion bombardments (I) (Target
jonjzation, excitation, dissociation, and dissociative ionization
induced by several keV to 3.5MeV helium ions incident on a thin gas

targets)': N. Oda and J. Urakawa, JAERI-M 84-049 (1984).
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23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
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"Data on collisions of helium atoms and ions with atoms and
molecules II (Cross sections for charge transfer of H92+, He+, He
and He with He, Ne, Ar, Kr and Xe)":. Y. Nakai, A. Kikuchi, T.
Shirai, and M. Sataka, JAERI-M 84-069 (1984).

"Data compilation of radiation effects on hydrogen recycle in
fusion materials': K. Ozawa, K. Fukushima, and K. Ebisawa, JAERI-M
84-089 (1984).

"Data compilation for depth distribution of ion-induced damage and
ion-implanted atom': M. Terasawa, S. Nakahigashi, and K. Ozawa,
JAERI-M 84-092 (1984).

"Data on trapping and re-emission of energetic hydrogen isotopes
and helium in materials, supplement 1": §. Yamaguchi, K. Ozawa, Y.
Nakai, and Y. Sugizaki, JAERI-M 84-093 (1984).

"Data compilation for particle impact desorption’: T. Oshiyama, S.
Nagai, K. Ozawa, and F. Takeuchi, JAERI-M 84-094 (1984}.

"Data on collisions of hydrogen atoms and ions with atoms and
molecules IIT (Cross sections for charge transfer of H, H+ and H
with metal vapors)"{ Y. Nakai, T. Shirai, M. Sataka, and T. Sugiura,
JAERI-M 84-169 (1984).

"Cross sections for electron capture and loss by positive ions in
collisions with atomic and molecular hydrogen': H. Tawara, T. Kato,
and Y. Nakai, Atom. Data Nucl. Data Tables 32, 235 (1985).
"Hydrogen re-emission data analysis in austenitic stainless steel':
K. Fukushima; K. Ozawa, K. Ebisawa, and M. Terasawa, JAERI-M 85-099
(1985).

"Data compilation for particle impact desorption II'": T. Oshiyama,
5. Nagai, K. Ozawa, and F. Takeuchi, JAERI-M 85-100 (1985).

"Review on the calculations of atomic collisions in solids": M. Tuse
and T. Iwata, JAERI-M B5-118 (1985) (in Japanese).

"Data compilation for radiation effects on ceramic insulators': K.
Fukaya, K. Ozawa, M. Terasawa, and S. Nakahigashi, JEARI-M 86-127
(1986).

"Spectral data and Grotrian diagrams for highly ionized titanium,
Ti V - Ti XXII": K. Mori, W.L. Wiese, T. Shirai, Y. Nakai, K.
Qzawa, and T. Kato, Atom. Data Nucl. Data Tables 34, 79 (1986).
"Computer simulations of knock-on processes in BCC Ta crystal”: M.

Fuse, T. Taji, and T. lwata, JAERI-M 87-026 (1987) (in Japanese).
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36.

37,
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