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Abstract. Neutral fractions of specularly reflected beams have been measured for the glancing-angle in-
cidence of (0.2–0.5) MeV H+ ions on a clean (001) surface of SnTe. The measured fractions have been
compared with the results calculated by a classical model for charge exchanges and by a model based
on the first-order perturbation theory. The experimental and calculated results have differed greatly. The
disagreements are attributed to collisions with valence electrons on the surface. The electron capture cross-
sections of (0.2–0.5) MeV H+ ions for valence electrons have been derived, based on the measured neutral
fraction and distribution of valence electrons for jellium background positive charges, and are found to
be about ten times larger than those for the outermost electrons of Sn and Te atoms calculated by the
classical model.

PACS. 79.20.Rf Atomic, molecular, and ion beam impact and interactions with surfaces – 34.70.+e Charge
transfer – 34.50.Bw Energy loss and stopping power

1 Introduction

For many years, investigations of the charge exchange of
energetic ions on atoms or molecules have been interest-
ing in atomic physics, plasma physics and ion implanta-
tion technology [1–3]. Theoretical treatments of atomic
collision processes have also been used to investigate the
charge exchange of ions in solids and on solid surfaces [3].
When isolated atoms form a solid, the energy states
and distributions of the outermost electrons are modi-
fied, while the changes of those of the inner-shell elec-
trons are small. In the electron capture of the energetic
ions (v > 3v0, where v is the ion velocity and v0 is the
Bohr velocity) from a target atom, the contribution of
inner-shell electrons of the atom is important, but that
of the outermost electrons is negligibly small. Thus the
charge exchange process in solids can be described by a
model based on the atomic collision process regardless of
the changes in the states of the valence electrons arising
from the formation of the solid.

At the glancing-angle incidence of MeV ions on the
surface of a single crystal, the ions interact with the sur-
face in a vacuum along trajectories near parallel to the
surface [4]. The closest approaches of the ions to the sur-
face atomic plane can be as small as 1 Å at the angle
of incidence of sub MeV protons less than 5 mrad. Thus
studies of the role of the valence electrons on the surface
in the charge exchange process are possible. The role may
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be important, because the density of the inner-shell elec-
trons is negligible at distances from the surface larger than
1 Å [5–8].

In this paper, we report neutral fractions of specularly
reflected beams measured for a glancing-angle incidence of
(0.2–0.5) MeV H+ ions on a clean (001) surface of SnTe.
The measured fractions are compared with calculated re-
sults based on classical Bohr and Bohr-Lindhard models
and those of the first-order perturbation theory. The elec-
tron capture cross-sections of (0.2–0.5) MeV H+ ions for
these electrons are derived from the measured neutral frac-
tions by introducing a distribution of valence electrons for
jellium background positive charges at the surface.

2 Experimental

The experimental setup is described elsewhere [9,10], and
only relevant points are mentioned here.

A clean (001) surface of SnTe crystal was prepared by
in situ evaporation of pure SnTe (99.999%) on a KCl (001)
cleavage surface under a vacuum condition of 10−10 Torr.
The (0.2–0.5) MeV/amu H+

2 or H+
3 ions were accelerated

by the 4 MV Van de Graaff accelerator of Kyoto Uni-
versity. The molecular ions were dissociated in collisions
with N2 molecules in a collision cell. The H+ fragment-
ions were analyzed by a 90◦ magnet, collimated to obtain
a maximal angular divergence of 0.1 mrad, and were scat-
tered on the clean (001) surface of SnTe. The angle of
incidence of the beam to the surface is denoted by θi and
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the angle of scattering measured from the incident beam
direction in the scattering plane, which contains the sur-
face normal and the incident beam direction, is denoted
by θs. The azimuthal angle of incidence was carefully ad-
justed to avoid the surface channeling of ions along the
low-index crystal axes. The distributions of the yields of
scattered H+ ions on the angle of scattering θs peaked at
the angle of specular reflection (θs = 2θi). Although the
width of the distribution was influenced by the angle and
energy of incidence, the typical FWHM was 5 mrad.

Neutral fractions of the scattered ions were measured
by removing charged H+ with an analyzing magnet placed
downstream of the aperture, which defines the angle of
scattering with an acceptance half-angle of 0.33 mrad. Ions
were counted with a solid-state detector (SSD) whose en-
ergy resolution was 11.5 keV. The signals from the SSD
were amplified and the amplified pulses were collected by
a multichannel analyzer (ORTEC model 7100) which was
controlled by a sequential pulse generator for a period of
9 s. The sequences to measure the total ions H+ (+H0)
and neutral H0 were then repeated. The time ratio of the
measurements in the period, τ0/τ+, was 14.6, where τ0 is
the measuring time for H0 and τ+ is that for H+ (+H0).
The time interval between the two measurements in each
period was long enough to stabilize the magnetic field.
The fraction of H− was less than 10−4 and was neglected
in this work.

A pair of examples of the energy spectra of total H+

(+H0) and neutral H0 are shown in Figure 1 at 0.2 MeV
H+ incidence. Since the neutral fraction is less than 1%,
the energy spectrum of the total ions is considered to be
that of the H+ ions. It has been reported that ions re-
flected from the (001) surface of SnTe show an energy
spectrum consisting of a small number of subpeaks, re-
sulting from penetration through and reappearance from
the topmost atomic layer of the surface [10,11]. However,
the structure cannot be seen in Figure 1 because of the
poor resolution of the solid-state detector. The oscillatory
structure is smeared and appears as a low-energy tail of
the spectra [12,13]. The ratio of ions reflected from the
topmost atomic layer to the ions detected in the SSD can
be checked by the incidence of MeV He+ ions. More than
50% of the scattered He ions measured at the angle for
specular reflection were reflected from the topmost atomic
layer. The ratio for H+ ions may be close to this.

A rough comparison between the energy spectra shown
in Figure 1 does not indicate that most of the measured
neutrals result from penetration through and reappear-
ance from the surface. That is, the energy loss of H0 and
the width of the energy spectrum of H0 are not very dif-
ferent from those of the H+ ions. In order to compare
the energy spectra in detail, the energy losses of the H+

ions and neutrals are shown in Figure 2 at 0.4 MeV inci-
dence. The energy losses of the neutrals were almost equal
to those of the H+ ions. This shows that the ratio of re-
flected ions at the topmost layer of the surface among the
measured neutrals is almost the same as that for H+ ,
since the energy-loss collisions along the ions trajectories
are expected to be almost the same regardless of their fi-

Fig. 1. Examples of the energy spectra of scattered ions at 0.2
MeV H+ ion incidence with θi = 5.8 mrad. Open circles are
for H0 and closed circles are for H+, where H0 ions are also
detected and contribute 0.5% of the yield. The measuring time
for H0 is τ0/τ+ = 14.6 times larger than that of H+ and the
yield of H0 is multiplied by 10.

nal charge states. The enhancement of neutral fractions
by the penetrated ions appears in the low-energy tail of
the spectra. The tail of neutrals was slightly larger than
that for H+, as can be seen in Figure 1. However, the con-
tribution of the small yield of the tail is not significant.

Examples of the θs-dependence of the neutral fraction
are shown in Figure 3 at 0.2 MeV incidence. The angles for
specular reflection (θs = 2θi) corresponding to the angles
of incidence are shown by arrows. The neutral fractions
show a dependence for the angles: the fractions increase
steeply as the angle of scattering decreases at θs � 2θi, and
they increase slightly as the angle of scattering increases at
θs � 2θi. The dependence is different from that of the ratio
of the charge state fraction He+/He2+ discussed in [5,14].

The incidence energy dependence of the neutral frac-
tion was measured at the angle for specular reflection with
θi = 4.4 ± 0.1 mrad. The measured fractions are shown
in Figure 4 by closed circles. The fractions decrease as
the energy of incidence increases. The order of the neu-
tral fractions (less than 1%) agrees with that measured at
Al(111) and Si(111) surfaces [8,15].
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Fig. 2. Examples of the scattering angle dependence of the
energy loss of H+ and H0 ions at the incidence of 0.4 MeV H+

ion with θi = 3.2 mrad.

Fig. 3. Scattering angle dependence of the neutral fraction
Φ0 for 0.2 MeV ions. The angles for specular reflection are
indicated by arrows.

Fig. 4. Incidence energy dependence of the neutral fraction Φ0

measured at θs = 2θi for θi = 4.4 ± 0.1 mrad. The error bars
are smaller than the circles. The solid line is the calculated
one by using the probabilities Ql(z) and Qc(z) obtained by
the classical model. The dashed line is that obtained by the
first-order perturbation model.

3 Calculations of the neutral fraction

The ions reflected on the topmost layer of the surface
atomic plane were studied in this work to explain the
observed neutral fractions. A Cartesian coordinate frame
fixed with respect to the surface of the crystal was consid-
ered, where the xy-plane is parallel to the surface and the
z-axis is parallel to the surface normal. The H0 fraction
Φ0 of the ion moving almost parallel to the x-axis along
the trajectory z(x) is written by

dΦ0

dx
= Qc(z(x))Φ1 − Ql(z(x))Φ0 , (1)

where Φ1 = 1 − Φ0 is the fraction of H+ and Qc(z(x))
and Ql(z(x)) are the probabilities for electron capture and
electron loss per unit path length along x, respectively.
The fraction Φ0 was calculated by equation (1), using the
trajectories z(x) of the specular reflection of H+ ions under
the surface continuum potential derived from the Molière
approximation for the Thomas-Fermi-type screening func-
tion. The initial condition was Φ0 = 0, i.e., H+ ion inci-
dence. The fraction of H− was neglected.

Two types of theoretical models were used to calculate
Qc(z(x)) and Ql(z(x)). One is based on the classical Bohr
and Bohr-Lindhard models [1], and the other is based on
the first-order perturbation theory [16]. Since the details
of the classical model have been reported in [5,14] and
those of the first-order perturbation theory are in [16],
only relevant points are mentioned in the following. Auger
processes for electron loss and capture were neglected here,
since the projectile velocity is larger than 2.5v0 [8,17].
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3.1 Classical model

The Bohr and Bohr-Lindhard models were improved by
Fujii et al. [14] to calculate the probabilities of charge
exchange which depend on the distance from the atomic
plane.

The probability for electron loss is calculated by

Ql(z) = Qln(z) + Qle(z) , (2)

which is the sum of the contribution of collisions with a
screened target nucleus, Qln(z), and of collisions with tar-
get electrons, Qle(z). The distribution function obtained
by the H0 1s wavefunction was used to distribute the pro-
jectile electron around the projectile nucleus. The con-
tribution Qln(z) was calculated assuming that the elec-
tron loss of the projectile occurs when the projectile elec-
tron approaches the nucleus within the distance, where the
transferred energy in the collision is equal to the binding
energy of the projectile electron. The potential of the tar-
get nucleus was approximated by the screened Coulomb
potential. The contribution Qle(z) was calculated only for
the electrons of the target atom whose velocities were
smaller than the projectile velocity. The electron loss of
the projectile occurs when the transferred energy in the
collision is equal to the binding energy of the projectile
electron. The distribution of electrons, which depends on
the distance from the surface, was approximated by sum-
ming the distributions of electrons of the isolated atoms
on the surface.

Figure 5(a) shows the calculated probabilities for elec-
tron loss of 0.2 MeV H0 on the SnTe(001) surface. The
probability for collisions with target electrons, Qle(z), is
separated by two contributions: that of the inner-shell
electrons of the target atoms, Qi

le(z), and that of the out-
ermost electrons (5s and 5p electrons of Sn and Te atoms),
Qo

le(z). That is

Qle(z) = Qi
le(z) + Qo

le(z) . (3)

Thus the total electron loss probability Ql(z), shown by a
solid line in the figure, is given by a sum of three contri-
butions, Qln(z), Qi

le(z) and Qo
le(z). The most part (83%)

of the total electron loss probability was due to collisions
with the target nucleus and with the inner-shell electrons.
However, the probabilities Qln(z) and Qi

le(z) decreased
more steeply compared with Qo

le(z) as the distance from
the surface increase. At a distance larger than 2 Å, elec-
tron loss was dominated by collisions with the outermost
electrons.

For calculating the electron capture, the distribution
of electrons of the target atom on the surface was approx-
imated by that of the isolated atoms and was integrated
to a function of the distance from the atomic row of the
target. The electron capture probability was calculated as
an impact-parameter-dependent function. By integrating
the results on the surface of the crystal along the y-axis,
the electron capture probability, which depends on the
distance from the surface, was obtained as

Qc(z) = Qi
c(z) + Qo

c(z) , (4)

where Qi
c(z) is the sum of the contributions of the inner-

shell electrons and Qo
c(z) is the sum of the contributions

of the outermost electrons.

Figure 5(b) shows the calculated probabilities for elec-
tron capture of 0.2 MeV H+ in collisions with inner-shell
electrons, Qi

c(z), and the outermost electrons, Qo
c(z), on

the SnTe(001) surface. The total electron capture prob-
ability Qc(z) is shown by the solid line. The most part
(96%) of total electron capture probability was due to the
collisions with the inner-shell electrons. (The contribution
was largest for N-shell electrons of Sn and Te atoms for
this incidence energy.) However, the probability Qi

c(z) de-
creased more steeply than Qo

c(z) as the distance from the
surface increased. At distances larger than 1.5 Å, electron
capture was dominated by the collisions with the outer-
most electrons. Comparisons between Figure 5 (a) and (b)
show that the probability for electron capture decreased
more steeply than that for electron loss. Thus the position-
dependent neutral fraction, Qc(z)/(Ql(z) + Qc(z)), de-
creased as the ions left the surface in outward trajectories.

3.2 The first-order perturbation model

The first-order perturbation model used here is based on
that by Kaneko et al. [16], which was proposed for the
calculation of neutral fractions of MeV ions penetrating a
single crystal under channeling conditions. The calculation
has given results which agree with experimental data for
protons incidence at energies larger than 0.5 MeV on Ni
low-indices planar channels [16]. The incident energy, Ei,
required for this model in the present system (H+ on SnTe
crystal) is Ei � 70 keV.

For the electron loss probability, only the contribution
due to the collisions with screened target nucleus was con-
sidered. The initial state of a transferred electron was the
H0 1s state and the final state is the plane wave. The
screened Coulomb potential is used for the potential of
the nucleus of the target atom.

For the electron capture probability, the wavefunctions
of target atom electrons were approximated to be H0 1s
like the one with screening parameters obtained by their
binding energies. The initial state of the transferred elec-
tron was an approximated state of the target atom and
the final state was H0 1s. The screened Coulomb poten-
tial was used for the potential of the nucleus of the target
atom.

The probabilities Ql(z) and Qc(z) of this model were
also expressed as functions of the distance from the surface
atomic plane. The main information from the result was
almost the same as that for the classical model, i.e. the
probability for electron capture decreased more steeply
than that for electron loss as the distance from the surface
increased.
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Fig. 5. Calculated electron loss and capture probabilities obtained by the classical model. (a) Electron loss probabilities of 0.2
MeV H0. The dotted line shows the probabilities in collisions with the outermost electrons (5s and 5p electrons) of the target
atoms. The long-dashed line shows those with inner-shell electrons. The short-dashed line shows those with the target nucleus.
The solid line shows the total electron loss probability Ql(z). (b) Electron capture probabilities of 0.2 MeV H

+. The dotted line
shows the probabilities for the outermost electrons of the target atoms. The dashed line shows those for the inner-shell electrons
of the target atoms. The solid line shows the total electron capture probability Qc(z).

4 Discussion

4.1 Comparison between the experimental and
calculated results

The neutral fraction Φ0, calculated by solving equation (1)
for trajectories z(x) with the probabilities obtained by
the classical model, is shown in Figure 4 by a solid line.
The calculated result was about one order of magni-
tude smaller than the experimental ones. This disagree-
ment contradicts the facts that the cross-sections calcu-
lated with the classical models expressed the charge states
of ions passing through gaseous and solid targets very
well [18–24], and that the charge state fractions of He+
and He2+ reflected from the (001) surface of SnTe at
glancing-angle scattering are also expressed very well by
the classical model [5,14].

The calculated results of the first-order perturbation
model are shown in Figure 4 by a broken line. The line
decreases steeper than the experimental one as the energy
of incidence increases. Although this agrees with experi-
mental results of energy of incidence lower than 0.3 MeV,
it becomes smaller as the energy of incidence increases.
The probability of the electron loss treated in the present
model does not include the contribution of collisions with
target atom electrons. Further, the energy of incidence re-
quired for calculation with this model must be larger than
70 keV. The calculated results using an energy of incidence

less than 0.3 MeV may be inadequate. A similar situation
can be seen in [8] for the Al (111) surface.

Although the valence electrons contributed only slight-
ly to the total probabilities of electron loss and capture,
they were dominant for charge exchanges at distances from
the surface, z, larger than 1.5 Å. In the present calcu-
lations the role of valence electrons on the final charge
states of ions were very important, because the charge
state fractions change along their outward trajectories at
1.5 Å < z < 2 Å due to the large electron loss probability
of H0. This situation is different from that of scattering
He+ on the same surface, where the charge state fraction
grows at the distance z < 1.3 Å. Thus the final fraction of
He+ is influenced more by the capture of N-shell electrons
from the target atoms [5,14].

Both models treated above approximated the states of
electrons on the surface by averaging those of the isolated
atoms arranged regularly on the planar lattice. However,
the states of valence electrons of the target atoms change
drastically from isolated atoms when they bond together
and form a solid. The states of valence electrons at a sur-
face of solid are different from those of electrons in the
solid and their energy distribution is localized at several
eV below the Fermi energy of the solid [25–28]. The dis-
agreements between the experimental and calculated re-
sults are expected to result from collisions with the valence
electrons at the surface.
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Fig. 6. (a) Electron distribution at the (001) surface of SnTe.
The solid line shows the valence electron density where the
jellium background model (rs = 2) is assumed. The dotted line
shows the density of the inner-shell electrons and the dashed
line shows that of the outermost electrons (5s and 5p electrons
of Sn and Te atoms). (b) Binding energies (in eV) of electrons
for Sn and Te atoms are shown on the left and right sides. The
Fermi energy of SnTe, EF, is also shown in the middle. The
hatched area shows the energies for valence electrons on the
surface.

4.2 Electron capture cross-section of H+ ions in
collisions with valence electrons at the surface

Theories of the distributions and density of states on the
surface have yet to be fully realized [25–28]. In studies on
charge exchanges in the keV energy region, valence elec-
trons are treated as free electrons [29]. This treatment is
also used for calculating the energy loss of projectiles at
the glancing-angle incidence of MeV ions [10,13,30]. The
electron distribution calculated in the jellium background
positive charges has been frequently used [6,7]. The one-
electron radius, rs, for SnTe is 2.17 a.u., which is obtained
from the density of valence electrons, n = 2.35× 10−2 a.u.
The electron distribution nv(z) for rs = 2 a.u. is compared
with that of the averaged outermost-shell electrons of the
atom in Figure 6(a) [7]. The surface of the positive back-
ground is assumed to be at dp/2, where dp = 3.16 Å is the
interplanar distance of the SnTe crystal. The distribution

for the jellium background model concentrates compared
with that of the outermost electrons of the isolated atoms.
In order to clarify the present model system, the energies
of valence electrons at the surface were shown by compar-
ing the Fermi energy in Figure 6(b) with the energy of the
electrons in isolated atoms.

In order to obtain the electron capture cross-sections
of H+ in collisions with valence electrons at the surface,
the neutral fraction Φ0 was calculated as follows.

For electron loss due to collisions with the target nu-
cleus and inner-shell electrons, the probabilities were ob-
tained by the classical Bohr model. The probability for an
electron loss due to collisions with valence electrons was
achieved by multiplying the distribution for valence elec-
trons by an adjustable parameter σv

l , which is the cross-
section of electron loss of H0 in collisions with valence
electrons. Thus the total probability for the electron loss
Ql(z) is given by

Ql(z) = Qln(z) + Qi
le(z) + σv

l nv(z) . (5)

For electron capture due to collisions with the inner-shell
electrons of the target atoms, the probability was obtained
by the classical Bohr-Lindhard model. Similarly, the total
probability for the electron capture Qc(z) is given by

Qc(z) = Qi
c(z) + σv

c nv(z) , (6)

where σv
c is an adjustable parameter that is the cross-

section of electron capture of H+ in collisions with valence
electrons.

The pair of the cross-sections σv
l and σv

c was searched
to final value where the neutral fraction Φ0 calculated by
equation (1) agrees with the experimental one. An ex-
ample of the results is shown in Figure 7 by solid lines
for the 0.2 MeV incidence. The circle in the figure shows
the values for a single electron calculated by the classical
model for the outermost (5s and 5p) electrons of Sn and
Te atoms.

For the electron loss cross-sections σv
l , those measured

at the electron impact on H0 with collision velocities equal
to those of the present experiment were chosen [31]. The
electron capture cross-sections σv

c could then be obtained
by Figure 7. The results of the cross-sections are shown
in Figure 8. Possible errors were estimated by errors of Φ0

and σv
l , and those due to the use of the classical model,

which were estimated by adjusting Qi
c(z)/(Qln(z)+Qi

le(z))
within a factor 2, because the model reproduces many ex-
perimental data within a range of factors [18–24]. The
errors due to the assumed distribution of valence elec-
trons were also estimated by adjusting the position of the
surface of the positive background by 10%. The later er-
rors were dominant and shown in the figure for 0.2 and
0.5 MeV. For comparison, the cross-sections of a single
electron obtained by the classical model for the outermost
electrons are shown in the figure.

The electron loss cross-sections agree with those ob-
tained by the classical model. However, the electron
capture cross-sections are 3-20 times larger than those
obtained by the classical model. The dependence on the
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Fig. 7. Electron capture cross-section of 0.2 MeV H+ versus
electron loss cross-section of H0 in collisions with valence elec-
trons at the (001) surface of SnTe to reproduce the experimen-
tal neutral function. The closed circles show the cross-section
for a single electron obtained by the classical model.

energy of incidence agrees well with that calculated by
Bohr-Lindhard model. Thumm and Briggs proposed a
model of proton neutralization at the surface, where the
Thomas-scattering process is said to be dominant [32].
The probability for neutralization was treated in the
second-order Born approximation on a broken line tra-
jectory of protons in their work. Since they wished to
emphasize the physical effects of interaction, their calcu-
lations did not include the electron loss of H0 resulting
from neutralization, which is important for the calcula-
tion of neutral fractions on the outward trajectory. Their
calculated results overestimate the experimental ones [8].
Presently, however, no work other than the processes of
neutralization pointed out in their work followed by the
electron loss is available to explain the present disagree-
ment between the experimental and calculated results.

A model has been proposed for the dependence of
the charge state fractions on the angle of scattering at
the glancing-angle incidence of MeV He+ ions taking the
atomic steps at the surface into consideration [5]. In this
model, the trajectories of the ions scattered at angles
smaller than that for specular reflection, θs < 2θi, are
terminated suddenly by the down step of atomic height
during the growth of the charge state of ions. Thus the θs-
dependence of the charge state fraction at θs < 2θi could
be estimated using the calculated fraction as a function
of distance from the surface. The experimental results for
0.2 MeV ions show that the neutral fraction increases as

Fig. 8. Electron capture cross-sections of H+ for valence elec-
trons at the (001) surface of SnTe. Electron loss cross-sections
of H0 in collision with valence electrons are also shown, which
are the electron impact ionization cross-section of H0 measured
with the equal collision velocity taken from [31]. The typical
errors are shown at 0.2 and 0.5 MeV, which were estimated by
the error due to the assumed distribution of valence electrons.
The cross-sections obtained by the classical model are shown
by solid lines.

the angle of scattering decreases within θs < 2θi. The de-
pendence can be explained by the present model, where
the neutral fraction changes at the outward trajectory
from a few percents at z = 1.5 Å to the experimental
one at z > 2.5 Å. When the outward trajectory of the
ions is terminated and the ions appear at angle θs < 2θi,
the neutral fraction is large compared with that of the
specularly reflected ions. This is consistent with the ob-
served scattering-angle dependence of the neutral fraction
shown in Figure 3.

5 Conclusion

The neutral fractions of specularly reflected beams mea-
sured at a glancing-angle incidence of (0.2–0.5) MeV H+

ions on a clean surface have been compared with the cal-
culated results based on two models, where the electronic
states of valence electrons at the surface are approximated
by those of the outermost electrons of the isolated atoms.
They differ greatly due to collisions with valence electrons
at the surface. Because of the large electron loss prob-
ability of H0, the neutral fraction of the specularly re-
flected beams is almost completely determined by electron
capture at large distances from the surface, z > 1.5 Å.
The electron capture cross-sections of (0.2–0.5) MeV H+

ions for valence electrons at the surface have been de-
rived from the measured neutral fractions. The obtained
electron capture cross-sections are about ten times larger
than those for the outermost electrons calculated by the
classical model.
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