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Charge-state distributions and energy losses of 0.67—1.5-MeV He ions scattered from a clean (100) sur-
face of a SnTe single crystal are studied at glancing-angle incidence under UHV conditions. A stochastic
model of charge exchange and energy loss of ions is developed, where inelastic interactions depend on
the distance of the ion from the surface. Observed charge-state fractions and energy losses of the
reflected He ions are explained with the model. Taking account of scattering of ions at surface steps,
which causes the deflection of ion trajectories, position-dependent charge-exchange probabilities of He
ions near the surface are derived from the observed charge-state distributions and charge-state depen-

dence of the energy losses of scattered He ions.

PACS number(s): 34.50.Bw, 34.70.+e, 79.20.Rf, 61.80.Mk

I. INTRODUCTION

Fast ions incident on an atomically flat crystal surface
interact only with atoms on the topmost atomic plane of
the surface when the angle of incidence 6; is small. Their
trajectories are described approximately by the equation
of motion of the ion in a continuum planar potential due
to the surface atoms as in the case of planar channeling of
fast ions [1,2]. Most of the ions are reflected at the angle
for specular reflection, i.e., at 6, =26;, since the ions can-
not penetrate the topmost atomic plane of the crystal sur-
face when 0; is less than the critical angle for specular
reflection [3].

The inelastic interaction of the specularly reflected ions
with the surface takes place along a well-defined trajecto-
ry and thus the resulting interaction of the ion is de-
scribed by the position-dependent interaction probabili-
ties as in the case of the planar channeling [1,2,4]. We
have shown that the energy losses of MeV He and H ions,
which are specularly reflected from the (100) surfaces of
several crystals, are explained by position-dependent
stopping powers [5,6]. We have also shown that the
charge-state distribution of the specularly reflected MeV
He ions is explained with the use of position-dependent
electron-loss and -capture probabilities [7,8]. It was
shown that the ions scattered at surface steps are
deflected at the angles deviated from the angle for specu-
lar reflection and that the charge state of the ion does not
change after the deflection at the step [8].

Actual crystal surfaces are not atomically flat and have
many steps and point defects. At glancing-angle in-
cidence of a beam of ions on the surface, some ions
penetrate the surface and reappear from the crystal at the
surface steps [9,10]. The energies of these ions are small-
er than that of ions reflected from the topmost atomic
plane, and, as a result, the energy spectrum of the scat-
tered ions shows a characteristic structure, which de-
pends on the density and distribution of the steps on the
surface. The energy spectra of He ions scattered from a
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SnTe crystal surface have a few well-defined peaks, and
the peaks at lower energies have been explained in terms
of subsurface planar channeling [3,9]. Thus we can iden-
tify the ions reflected from the topmost atomic plane of
the surface from their energies since the specularly
reflected ions have the least energy loss [3,9,10].

For MeV He ions reflected from the topmost atomic
plane of the crystal surface, we observed that the energy
loss of the specularly reflected He?" ions is about 10% as
large as that of He™ ions at glancing-angle incidence of
He" ions on the (100) surface of SnTe [5]. For the ions
transmitted through matter, similar differences of energy
losses of ions with different charge states have been ob-
served when the charge-state equilibrium of the ions is
not attained in the matter: Using thin gas target, Allison
et al. determined fixed-charge stopping powers for each

" charge state of H and He ions [11-13]. In channeling

conditions, where charge exchange is greatly reduced, it
is possible to observe the ions transmitting target without
charge exchange [14-16]. Datz et al. have observed en-
ergy losses that depend on the charge state of the foil
transmitted heavy ions after planar channeling in Au sin-
gle crystals [14]. At transmission through very thin solid
foils, it is possible to realize charge-state nonequilibrium
of the transmitted ions [17-24]. Cowern and co-workers
have measured the charge-state dependence of energy
losses of ions passing through very thin carbon foils and
derived fixed-charge stopping powers and the energy
losses accompanied by electron transfer with the use of a
stochastic model [18-21].

In the present paper, we measure the charge state and
energy distributions of scattered He ions at glancing an-
gle incidence of MeV He ions on the clean (100) surfaces
of SnTe. With the use of the stochastic model of the
charge exchange and the energy loss of fast ions in inho-
mogeneous media, we analyzed our experimental results
of the charge state and energy distributions. Position-
dependent charge-exchange probabilities of He ions near
the surface are derived from the observed distributions.
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II. EXPERIMENTAL PROCEDURE

Experimental apparatus was described elsewhere
[5-8]. In short, a single crystal of SnTe was prepared by
epitaxial growth in situ by vacuum evaporation on the
cleaved (100) surface of KCl, which had been mounted in
a high-precision goniometer in a UHV scattering
chamber (base pressure was 3X107!° Torr). A beam of
He™ ions from the 4-MV Van de Graaff accelerator of
Kyoto University was collimated by apertures to 0.03
mmX0.03 mm and to a divergence angle less than 0.1
mrad on the target single crystal. The angle of incidence
0; of the beam to the (100) surface of SnTe was less than
8 mrad, and the ions scattered at an angle 0, in the plane
of scattering, which contains the incident beam and the
normal to the surface, were chosen by a movable aper-
ture. The acceptance half angle of the aperture was 0.3
mrad. The ions chosen by the aperture were resolved
into their charge states by a magnetic analyzer and the
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FIG. 1. Energy spectra of scattered He™ and He®" ions at
glancing-angle incidence of 0.7-MeV He* ions on the clean
SnTe(100) surface. The energy of the incident ions is shown by
a vertical line.
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FIG. 2. (a) The energy losses AE(0;;0,) (0) and AE,(6;;6,) (@) of He* and He?" ions, for the ions reflected from the (100) sur-
face of SnTe vs the scattering angle, for 0.67-MeV He" incident at glancing angles 3.3, 5.1, and 6.5 mrad. The arrows indicate the an-
gles for specular reflection. (b) The energy losses AE(6;;6,) (O) and AE,(6;;6,) (@) of He* and He’* ions, for the ions reflected
from the (100) surface of SnTe vs the scattering angle, for 1.5-MeV He" incident at glancing angles 3.5, 4.6, and 5.7 mrad. The ar-

rows indicate the angles for specular reflection.
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energy spectra of the ions with each charge state were
measured with a solid-state detector [7,8]. The energy
resolution of the solid-state detector was 13 keV for 1-
MeV He ions. The aperture and the detector could be ro-
tated +25 mrad around the direction of the incident
beam.

The fractions of He™ and He?" ions in the scattered
beam were measured as follows. To avoid the effect of
fluctuations in the incident beam intensity, the magnetic
field of the magnetic analyzer was changed periodically
so that the He™ ions and He?" ions reach the detector al-
ternately. The energy spectra of He™ and He?* ions
were registered in two memory groups of a multichannel
analyzer, separately. Experimental errors in the observed
charge-state fractions could be reduced considerably by
this method. Fractions of the neutral ions in the scat-
tered ions were less than 1% for the present experimental
conditions, and the energy loss of these ions was not stud-
ied.

III. EXPERIMENTAL RESULTS

Energy spectra and charge-state fractions of the scat-
tered ions at glancing angle incidence of 0.67-1.5-MeV
He" ions on the (100) surface of SnTe were measured.
Examples of the energy spectra of the scattered He™ and
He?" ions at glancing-angle incidence of 0.7-MeV He™
on the clean SnTe(100) surface are shown in Fig. 1, where
the energy of the incident ions is shown by a vertical line.
The energy spectra of scattered He ions have a few well-
defined peaks. The highest-energy peak is due to the He
ions specularly reflected from the topmost atomic plane
of the surface, while the lower-energy peaks are due to
the ions channeled along the (100) planar channels paral-
lel to the surface [3,6,8]. Although the incident ions can-
not penetrate atomically flat crystal surface at the angle
of incidence smaller than the critical angle for specular
reflection, surface penetration occurs at surface steps
[3,8,9]. Thus the oscillatory structures of the energy
spectra depend on the distribution and density of steps on
the reflecting surface plane [3,9].

In the following, we study only the energy loss of the
ions reflected from the topmost atomic plane. Since we
could not observe the skewness of the highest-energy
peak, the peak energy was determined by fitting the peak
profile to a Gaussian distribution. The error in the deter-
mined peak energy is less than 1% of the width of the
distribution, thus the accuracy of the determined mean
energy loss is of the order of 0.1 keV. The observed mean
energy losses hardly depend on the angle of incidence 6;,
but depend on the scattering angle 6, and the charge
state of the reflected ions. Figures 2(a) and 2(b) show the
6, dependence of the energy losses of He ions reflected
from the topmost atomic plane at glancing-angle in-
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cidence of 0.67- and 1.5-MeV He ions, respectively. The
energy losses AE,(6;;0,) of the reflected He™ ions and
AE,(6;;6,) of the reflected He** ions are shown by open
and filled circles, respectively. They are connected by
lines to guide the eyes. The angles of incidence are
shown in the figures, and the scattering angles for specu-
lar reflection 6, =26; are indicated by arrows. The ener-
gy losses of He?" ions are large than those of He™ ions,
and the difference of the energy losses is larger at smaller
scattering angles. There is a tendency in the 6; depen-
dence of the energy loss that the energy losses are smaller
at smaller scattering angles (6, <26;). This tendency is
more conspicuous in the energy losses of He' ions than
in those of He?* ions.

The fractions F,(6,;0,) of the reflected He™ and
F,(6;;6,) of the reflected He?* ions were measured and
have been analyzed previously [7,8]. The fractions de-
pend both on the angle of incidence 6; and the scattering
angle 0,. The ratios of the observed fractions F;(6;;0)
and F,(0;;0,) are reproduced in Fig. 3. The ratios of the
fractions of ions scattered at angles smaller than the
scattering angle for specular reflection 26; show compli-
cated 6, dependence, which was attributed to scattering
at surface steps [8].

We measured the charge-state fractions of the reflected
He ions and the energy losses AE(6;;6;) of the reflected
He™ ions and AE,(6;;6,) of the reflected He** ions at
the incidence of 0.7-MeV He' and He?* ions on the
(100) surface of SnTe at glancing angle ;=5 mrad. The
charge-state fractions of the reflected He ions at the He ™"
incidence were almost the same as the results of the He?*
incidence. The energy losses AE;(0;;0,) (i=1,2) of the
reflected He' and He?" ions at the He™ incidence were
similar to the results of the He?" incidence, except that
each result of He?* incidence was about 1 keV larger
than the result of He™ incidence.

IV. ANALYSES OF THE RESULTS

A. Charge states and energy losses
of specularly reflected ions

Charge state and energy of the ions change along their
trajectories of the specular reflection on a surface. To de-
scribe the ion trajectory, we define the Cartesian coordi-
nate system, where the x axis is parallel to the surface
normal and the scattering plane is in the xz plane. The
origin of the coordinates is on the topmost atomic plane
of the surface. For the ions at glancing angle incidence
on the surface, we now define the probability distribution
fi(z,E) for the ions with charge +ie and energy E on a
trajectory z(x). The probability distribution f;(z,E)
satisfies the following relation:

filz+82z,E)=Q,(z)8z fo“’[f,.(z,E +8E )w,;(z;8E )6z 1d(8E)

+ 3 (2182 [ "1f(2,E+ U, +8E w,(2;8E)82]d(3E) , (1)
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where

Q,-i(z )8221— 2 QU(Z )82 N (2)

J#Ei

w;(z(x);8E) is the probability (per unit path length and
per unit energy) of energy loss 8E of He/ ™ jons at the dis-
tance x from the surface, 0;;(z(x)) is the charge-
exchange probability (per unit path length) of the ion
from +ie to +je at the distance x from the surface on
the trajectory z(x), and Uj; is the mean energy loss of the
ion due to electron transfer from ionic charge +je to
+ie. The dependence of w;(z;8E) and Q,;(z) on ion en-
ergy E is neglected, since the energies of the ions that we
are interested in here are almost equal to the energy of in-
cident ions. Expanding f;(z+6z,E), f;(z,E+8E), and
filz,E+U;+8E) in Eq. (1) into Taylor series at (z,E)
and neglecting the terms containing (6z)" and (8E)"
(n>1), we obtain a set of partial differential equations
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for the evolution of f;(z,E)’s;

of(z,E) afi(z,E)
T——Si(z(x)) 3E
8fj(z,E)
+E Qj,'(Z) fj(z’E)+UJ'T
jFI
—Q;(2)fi(z,E) [, (3)

where S;(z(x)) is the position-dependent stopping power
for the ion with charge +ie at a distance x from the sur-
face and is related to w;(z(x );6E) as

s,.(z(x))zfo‘”[aE w;(z(x);8E)]d(8E) . (@)

The fraction F;(z(x)) of the ions with charge +ie at z(x)
is expressed as
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FIG. 3. (a) The ratio of the fraction of He™ ions F,(6;;60;) to that of He?" ions F,(6;;0,) for the ions reflected from the (100) sur-
face of SnTe vs the scattering angle, for 0.67-MeV He™ incident at glancing-angles 3.3, 5.1, and 6.4 mrad. The arrows indicate the
angles for specular reflection. (b) The ratio of the fraction of He™ ions F,(6;;6;) to that of He?™" ions F,(6;;6,) for the ions reflected
from the (100) surface of SnTe vs the scattering angle, for 1.5-MeV He™" incident at glancing angles 3.5, 4.6, and 5.7 mrad. The ar-

rows indicate the angles for specular reflection.
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Fy(z)= [ "f(z,E}E (5)

and the mean energy (E;(z)) and the mean energy loss
AE;(z) of He' " ions at z(x ) are expressed as

(Ei(z))=mf0 Ef(z,E)E , (6)

AE(z)=E,—(E(z)) , @)

where E; is the energy of incident ions. The rate equa-
tions for charge state fractions F;(z) are obtained by in-
tegrating Eq. (3) with respect to E as

dF;(z)
dz =J§1 [QJI(Z)FJ(Z)_QU(Z)F,(Z)] . (8)

The evolution of the mean energy loss AE;(z) of He'*
ions along z(x) is obtained by multiplying E to Eq. (3)
and integrating with respect to E, and using Egs. (5)—(7)
as

d[F;(z)AE(z)]
dz
=F;(z)S;(z(x))

+ 3 {Q;i(2)F;(2)[AE;(2)+ U]
Viall

—Q,i(z)F(z)AE(2)} . ®

Equations (8) and (9) are similar to those derived by
Cowern and co-workers [18-21].

B. Effect of steps on the ion trajectory

Now we suppose an ion of energy E impinges on an
atomically flat surface of a crystal with a small angle 6,
relative to the surface. The equation of motion of the ion
is

dx__ dVix) g, (10

di? dx ’ a4t 7’
where M is the mass of the ion and the energy loss of the
ion is neglected. Since the angle of incidence 6; is small,
the potential ¥(x) in Eq. (10) is approximated to the con-
tinuum planar potential of the surface atomic plane as in
the case of planar channeling of ion in crystal [1,2]. With
the Moliere approximation to the Thomas-Fermi screen-
ing function, the potential is expressed as

arp
172

3 a;
x)=Ey} 3 —exp
i=1 Pi
_ ZWZIZZeanaTF
a E

) 1y

, (117

where 9, is the characteristic angle for planar channel-
ing, Z, and Z, are the atomic numbers of the ion and the
target atom, respectively, e is the elementary charge, n, is
the atomic density of the surface plane, aqp is the
Thomas-Fermi screening distance, and a; and S; are the
parameters in the Moliére approximation to the

Thomas-Fermi screening function [1,2]. In the following
calculations, we neglect the terms i =1 and 2 in Eq. (11)
because the closest approach of the specularly reflected
ions to the surface is larger than 4a.y for the present ex-
perimental conditions [5]. The error of this approxima-
tion is less than 29%. Using this approximation and as-
suming the apex of the trajectory is at zero on the z axis,
the trajectory of the specularly reflected ion can be writ-

ten as
Qs '/’«21 B30,z
x(z)————l — —cosh? { ——
B; B; 62 [201‘1:

The ion is reflected from the surface and scattered at
6,=26; when the angle of incidence 6; is less than 9.
However, actual crystal surface is not an ideal mirror for
incident MeV ions, and thus the angular distribution of
the reflected ions broadens centered at the angle for spec-
ular reflection 6, =26;. The broadening is caused by col-
lisions of ions with thermally vibrating atoms (nuclear
scattering), electrons (electronic scattering), and surface
irregularities. We have shown from a Monte Carlo simu-
lation of angular distributions of specularly reflected ions
from a crystal surface that most of the observed broaden-
ing comes from the scattering events at surface steps
[9,10].

On the other hand, we have shown from atomic force
microscopy of the (100) surfaces of epitaxial SnTe crystal
that the surface has many small pyramidal hillocks when
it is grown at 200 °C at the growth rates larger than about
1 nm/min; and that the step heights are one or two
monolayers (3.14 and 6.28 A) [25]. Possible trajectories
of ions scattered at single step at glancing angle incidence
on the surface are shown in Fig. 4(a). The ions on the
trajectories labeled by 4 and B which pass over down-

) (12)

-
\0/ . \y7
_—r _—

FIG. 4. (a) Possible trajectories of ions scattered at a step at
glancing-angle incidence on the surface. The ions on the trajec-
tories labeled by 4 and B which pass over downsteps are scat-
tered at angles smaller than 6,=26,. The ions on the trajec-
tories labeled C and D which pass over upsteps are deflected at
angles larger than 26,. The dotted lines show specular reflection
at a flat surface (dotted lines). (b) The trajectories of scattered
ions at the terraced (100) surface of SnTe, where only the trajec-
tories 4 and C are possible because only the surfaces of top of
the small pyramidal hillocks are large enough to reflect the ions.
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steps are scattered at angles smaller than 6,=26;. The
ions on the trajectors labeled C and D which pass over
upsteps are deflected at angles larger than 26;,. However,
only the trajectories 4 and C are possible on the present
surfaces because of the small pyramidal hillocks as shown
in Fig. 4(b) [8,10,25].

Now we consider the trajectories of the type A. An
ion which has passed over a downstep on its outgoing tra-
jectory is hardly affected by the continuum surface poten-
tial as its distance from the surface is larger than the step
height (3.14 A), and thus the trajectory is approximated
to a straight line after it passes over the step. The error
due to this approximation is less than 1% of 6, for 0.67-
MeV He ions at the angle of incidence 7 mrad. Thus we
obtain the following relations:

arg a; ¢'§
= 1 —_ R
g "B, 6.(26,—9,) 13
__arf 9s2
%= Moo 0, | (14

where step position z;, angle of scattering 6,, and the dis-
tance x; of the ion from the surface at the step position
are defined in Fig. 5(a).

C. Role of steps on the charge state
and energy loss of reflected ions

We have shown in our previous studies that the
position-dependent stopping power S;(x) and charge-
exchange probabilities Q;;(x ) are rapidly decreasing func-
tions of x [5-8]. Therefore the charge state and energy
of the ions on the type- 4 trajectories do not change after
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G ~Z r)-(-‘——-*’/
\ iZs ]9:
surface 1\ I z
step ~_ /
| -
(b)
w
< 4E(8)

e

0 Zs

FIG. 5. (a) The type-A4 trajectory of an ion scattered at a
step. The dashed line shows the trajectory of the specularly
reflected ion at a flat surface. (b) The evolution of the energy
loss of the ion on the trajectory. The closest approach of the ion
to the surface is at z=0. Step position z,, scattering angle 6,
and the distance x; of the ion from the surface at the step posi-
tion are defined.

the ions pass over downsteps, since the distances of the
ions on the trajectories from the surfaces are larger than
the step height (3.14 A). Thus the charge state of the ion
scattered at an angle 6, ( <26;) is expressed as

Fi(6,;6,)=F,(z,) , (15)

where 0, is related to the position z; of downstep by Eq.
(14). With the use of this relation, we have explained the
angular dependence of the charge-state distributions of
He ions scattered from the (100) surface of SnTe [8].

We have shown that the energy loss of the ions specu-
larly reflected from the topmost atomic plane on the crys-
tal surface is expressed by integrating the position-
dependent stopping power S(x) along its trajectory
z=z(x) [5,6]. Since the energy of the ion does not
change after it passes over a downstep, the energy of the
ion reflected at an angle 6, ( <26;) is equal to that of the
ion at the downstep as shown in Fig. 5(b). Thus the ener-
gy loss of the ion scattered at 6, ( <26;) is expressed as

0.67MeV He* on SnTe(100)

0l steps tlat surface
(i e s
S
e d C b
20F
~ He™*
> e - ------ /-
L6r o 0------- -0
- ¢ o7y
/o ¢ He a
v 12k ! ,/d
n !4
§>5 8t //’/
& b
w ps
Z 4t 4
w 2
—’/0 1 1 1 L {t
0 =0 0 4y 20 200" %

FIG. 6. The evaluations of the energy losses of the He* and
He?* ions at the position z =z, along the trajectory of specular
reflection for 0.67-meV He™ ions incident at a glancing angle of
6,=5.1 mrad, which are derived from the observed energy
losses of He™ and He?" ions scattered at ;. Dashed lines are
shown as a guide to the eye. The upper part of the figure shows
the trajectories of type- A4 ions scattered at steps, which explain
the relation of 6; and z;.
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AE,(6;;6,)=AE,(z,) , (16)

where 0, is related to the position z; of downstep by Eq.
(14). Using these relations of Egs. (14) and (16), we can
derive evolution of the energy losses AE;(z,) of the He™*
and He?™" ions at the position z, along the trajectories of
specular reflection from the observed 6, dependence of
the energy losses AE;(6,;0,). Figure 6 shows the energy
losses of the He' and He?" ions at the position z=z,
along the trajectory of specular reflection for 0.67-MeV
He" ions incident at a glancing angle of 6, =5.1 mrad,
which are derived from the observed energy losses of
He™ and He’* ions scattered at 6, (<26,) that are
shown in Fig. 2(a). Dashed lines are shown to guide the
eyes. Inset of the figure shows the trajectories of type- 4
ions, which explain the relation of 6, and z;.

Filzx)=[" 0y (x")exp

and
Fy(z(x))=1—F,(z(x)), (18)

where the integrations in Eq. (17) are performed along
the ion trajectory z(x ).

For convenience of the following discussion, we define
the equilibrium charge-state fractions of He ions which
are attained for the ions moving parallel to the surface at
the distance x. The equilibrium charge-state fractions
Ffx) of the ions are related to the charge-exchange
probabilities

jS(X)
015(x)+ Q5 (x)

where i and j are 1 and 2.

F&(x)= (#i) (19)

AEy(2)=AEy(2)—AE,(z)= [

X exp

From these relations, AE(z) is derived:

AE ()= [7 |[8,(x")F,(z')+Qy,(x")Uy Fy(2')]

- f;[le(x”)+Q21(x")]dz"

Sz(x )+Q12(X )U]ZF (z")
f [QZl(x F( o

+F2(z’)
F|(z

1903

D. Charge states and energy losses
of specularly reflected He ions

Now we apply the model in Sec. IV A to the glancing-
angle scattering of MeV He ions from the (100) surface of
SnTe. Most of the ions reflected from the (100) surface of
SnTe are Het and He?", and the fraction of He® ions is
less than 1% at glancing-angle scattering of MeV He ions
from the (100) surface of SnTe. We therefore consider
only the fractions of He* and He?", i.e., F,(z) and
F,(z). The rate equations for the charge-state fractions,
Eq. (8), reduce to two simultaneous equations and are
solved when the initial fractions are given. When the
fraction of He™ ions in the incident He ions is FI" at
x=o,z=—00, and thus Fi" =1—F", Eq. (8) for F,(z)
is integrated

dz'+Fi1"exp[—fj [Q1(x)+Q,(x)1dz’ | (17)

Integrating Eq. (9) along the ion trajectory with the ini-
tial condition that AE;(— « )=0, we obtain two relations
for the energy losses AE(z) and AE,(z) of He ions at
z(x) on the trajectory of specular reflection; the mean
value AE,, (z) of the energy losses on the charge states of
the He ions as

AE, (z)=F,(z2)AE (z)+F,(z)AE,(z)
=7 {I$1)+Qu(xU, IF(2)
+[S2(x")+ Q5 (x")U,, JF,(2")}dz"
(20)

and the difference AE,,(z) of the energy losses of He?*
and He™" as

Fy(z’)
)

F,(z')
S1(x)+Qu(x" Uy =77 F,(z' ”

( l’) ( ,')Fl(z”)
+Qpp(x Fy(2")

dz" |dz' . (21)

- exp ‘—ff[Q21(x")+Q12(x")]dz"]

F\(z')
+[Sy(x"VF,(z')+ Q15 (x" U, Fy(2")] |[1— ) expl—ff[Q21<x")+le(x")]dz"} dz' . 22)
z
We can obtain a similar equation for AE,(z). Equation (22) is rewritten in a simpler form,
AE(z)=—— [~ _[M(2')Py(2',2)+ M;(2')Py(2',2) Jdz' (i#]) (23)

F,(z)

M;(z')=S8;(x")F(z')+Q;(x")U; F;(z') , (24)
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P;(z',z)= fzz

Py(z',z)=1—Py(z',z) .

M;(z')dz' shows the energy-loss moment of He/ ™ in the
interval (z',z'+dz') and is the sum of the energy-loss mo-
ment due to the stopping S;(x') of He/ ™ ions without
charge changing and that due to the energy loss U;; in
the charge-exchange collision in which the He'™ ion
changes into the He/ ™ ion. P;(z',z) shows the fraction
of the He ions in the charge state i at the position z(x)
that were in the charge state j at the position z'(x’).
They satisfy the following relations:

Fi(z)=P(z',2)F(z')+ Py (z',2)F,(z") , 27
P (z',z)+P,(z',z)=1 . (28)

E. Derivation of charge-exchange probabilities

We write down the position-dependent stopping power
for specularly reflected ion with unit point charge +e by
J

o :
A )= R I,

X exp

From Egs. (30), (31), and (8), the charge-exchange
probabilities Q;(x ) are derived as follows:

Q;(x)=F(z) e
qf[AE,-j(z)+ U;] dF;(z)
Fj(z) dz

X{[‘I%F1(Z)+‘I%F2(Z)]AEJ',‘(Z)

+q}U;F;(z)—q?U;Fi(z)} ™! (32)

where z=z(x) and i¥j. This shows that we can deter-
mine the position-dependent charge-exchange probabili-
ties Q;;(x) from the observed energy losses AE;(z) and
observed charge-state fractions F;(z), provided that we
know the g;e and Uj;. It can be seem from Eq. (32) that
the charge-exchange probabilities are small when the
difference AE;;(z) of the energy losses is large.

From the kinematics of collision process [29], the ener-
gy loss U, of the He?™ ion at electron capture is

U, =Br—Bp, (33)

where By and Bp are the (positive) binding energies of
the electron in the target shown atom and the He ion,
respectively. Taking account of the velocity matching,

Qj,-(x”)exp{‘fT'[Qn(X"')+Q12(X"')]d2"'

- fZ,[Qzl(x”)"’le(x")]dz”
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dz" (25)

(26)

—

S,(x). From the analogy of the effective-ion-charge mod-
el for the stopping power of bulk material [26-28] we ex-
press the fixed-charge position-dependent stopping power
as

S;(x)=¢2S,(x) (29)

where g;e is the effective charge of the He/* ion. Substi-
tuting Eq. (29) into Egs. (20) and (21), we obtain the mean
value AE,, (z) of the energy losses of He?" and He* ions
as

AE,(2)= [ {[F\(z')g}+F,(z')g}1S,(x")
+Q12(XI)U12F1(ZI)
+Q,,(x")Uy, Fy(z'))dz’ (30)

and the difference AE,,(z) of the energy losses of He?"
and He™ as

{(g3—q1)S,(x")F (z')Fy(z')+Q 5 (x YU, F1(z')* = Q,,(x")U,, F,(2')*}

dz' . (31)

f

the He?" ion captures an electron mainly from the 4s
state of Sn and Te atoms in the present energy region.
The binding energies of the 4s electrons of Sn and Te
atoms are 133 and 162 eV for Sn and Te, respectively
[30]. Thus we obtain U,; ~0.09 keV. For the electron-
loss process of He™, we assume that the velocity of the
lost electron relative to the ion is small. Thus the energy
loss U, of the He" ion at electron loss is expressed as

Up~imy?, (34)

where V is the laboratory-frame velocity of the ion and m
is electron mass. U, is 0.09 and 0.2 keV for 0.67- and
1.5-MeV He ions, respectively.

Because the He?" ion has no bound electron, its
effective charge is +2e, i.e., g, =2, while the effective
charge of the He' ion depends on the He™ velocity.
Now, for convenience in the following analysis, we as-
sume g, =1. We will discuss this assumption in Sec. V.

Now substituting the values of q,, g,, U, and Uy,
into Eq. (32), and using Egs. (15) and (16) to derive F;(z)
and AE;(z) from the experimental data, and using the
following relation derived from Eq. (14):

do.— P
2a1g

0,(20,—6,)dz , (35)
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FIG. 7. (a) Experimentally derived position-dependent electron-capture probabilities, Q,,(x) for 0.67-MeV He ions at the (100)
surface of SnTe. For comparison, the calculated position-dependent charge-exchange probabilities are shown by dashed lines, which
probabilities are calculated with the use of the Bohr and the Bohr-Lindhard models. (b) Experimentally derived position-dependent
electron-loss probabilities, Q,,(x) for 0.67-MeV He ions at the (100) surface of SnTe. For comparison, the calculated position-
dependent charge-exchange probabilities are shown by dashed lines, which probabilities are calculated with the use of the Bohr and
the Bohr-Lindhard models. (c) Experimentally derived position-dependent electron-capture probabilities, Q,,(x) for 1.5-MeV He
ions at the (100) surface of SnTe. For comparison, the calculated position-dependent charge-exchange probabilities are shown by
dashed lines, which probabilities are calculated with the use of the Bohr and the Bohr-Lindhard models. (d) Experimentally derived
position-dependent electron-loss probabilities, Q,(x) for 1.5-MeV He ions at the (100) surface of SnTe. For comparison, the calcu-
lated position-dependent charge-exchange probabilities are shown by dashed lines, which probabilities are calculated with the use of

the Bohr and the Bohr-Lindhard models.
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we obtain the position-dependent charge-exchange proba-
bilities @,(x) and Q,,(x).

Figure 7 shows the obtained charge exchange probabil-
ities for 0.67- and 1.5-MeV He ions at the (100) surface of
SnTe. The obtained charge-exchange probabilities in Fig.
7 decrease with the increasing distance of the ion from
the surface. For comparison, the calculated charge-
exchange probabilities are shown by dashed lines in Fig.
7. They were calculated by averaging the charge-
exchange cross sections for He-Sn and He-Te collisions
over the surface plane. The cross sections were calculat-
ed with the Bohr and the Bohr-Lindhard models [31,32].
Agreement of the calculated and observed probabilities is
poor, and the calculated probabilities are almost four
times as large as the observed ones, a more elaborate
theory is needed. But the ratios of the Q,(x)/Q;,(x)
are almost the same, and the equilibrium charge-state
fractions F{9 given by Eq. (19) for these two sets of prob-
abilities agree as shown in Fig. 8. Due to this agreement,
the observed charge-state distributions were well ex-
plained in terms of the Bohr and the Bohr-Lindhard
models [8].

V. DISCUSSION

The stochastic model for the probability distribution
fi(z,E) has originally been described by Winterbon [33]
and developed by Cowern and co-workers at foil
transmission of fast ions [18-21]. For a better under-
standing of the physical meaning of Eq. (23) for the ener-
gy loss AE;(z), we consider two extreme cases. The first
is the case where the charge-exchange does not occur
during specular reflection. In this case, both Q,(z) and
Q,(z) are zero, and the P;(z’,z)’s defined by Eq. (25) are

P;(z',z)=1, Py(z',z)=0 (i#j). (36)

Thus the energy losses are written down simply as
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FIG. 8. Ratios of equilibrium charge state fractions F{%(x)
and F53%(x) of 0.67- and 1.5-MeV He ions near the (100) surface
of SnTe. Circles are calculated from the charge-exchange prob-
abilities derived from the present analysis, while the dashed
lines are calculated from the theoretical probabilities.

AE(z(x)=[" gS,(z'(x")dz" . 37

The energy loss of He/ * ions is proportional to g;.

The second is the case where the charge-exchange
occurs so frequently that the ions are in the charge-state
equilibrium at any point on the trajectory z(x ), where the
fractions are given by Eq. (19). In this case, it is seen
from Eq. (25) that

P;(z',z)=F(z(x))=F%z(x)) . (38)

The energy losses of He' and He?" ions are the same
and are given as

AE (z)=AE,(z)=AE, (z)= fjw{[F‘,’q(z')q%+F§q(z‘)q%]Sp(x’)

FFR(Z)VFR(2') Uy + Uy [ Q1p(2') 40,y (2)])d2" . (39)

The actual situations are intermediate between the two
extreme cases above and can be solved numerically.

As can be seen from Eq. (32) the position-dependent
charge-exchange probabilities can be derived from only
the energy and charge-state distribution of the ions scat-
tered from the surface regardless of the initial charge
state of incident He ions. We performed the experiment
of He?* incidence at 0.7-MeV He. The experimental re-
sults were similar to the results of He™ incidence, and the
charge-exchange probabilities derived from the results of
He?" incidence were almost the same as those derived
from the results of He™ incidence.

In deriving the charge-exchange probabilities from Eq.
(32), we assumed that the effective charge g,e of the He ™
ion is e. This is based on the following consideration: In

f

the cases of foil transmission of the fast He' ion through
foils, the effective charge of He™ is generally larger than
+e, except the low-velocity He* ions where the screen-
ing effect by a bound electron in He™ is strong. As the
velocity increases, the effective charge becomes larger be-
cause the ions are subjected to close collisions with target
electrons [34]. On the other hand, at glancing-angle
scattering of fast ions from a surface, the impact parame-
ter of ion-atom collisions is larger than the Thomas-
Fermi screening distance of the collisions. Thus the con-
tribution of close collisions to the stopping of the ions is
smaller than that of the ion in solid. The nuclear charge
of He" is well screened by the bound electron for distant
collisions. A similar situation is realized in channeling.
From the observed stopping powers for heavy ions in
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Au(111) channels, Datz et al. have shown that the
screening per electron of the ion, which is defined as
(Z|—q.g)/(number of bound electrons), was about 0.9
[14]. This shows that the nuclear charge is well screened
by the bound electrons for channeling ions.

In order to see the effect of the effective charge q,e of
the He' ion on the derived charge-exchange probabili-
ties, we calculated the charge-exchange probabilities with
q1=1-1.2. The calculated results are shown by solid
bars in Fig. 7. Although the calculated charge-exchange
probabilities with larger g, are slightly smaller, the
difference is relatively small.

In deriving the charge-exchange probabilities with Eq.
(32), we needed Uj- In order to show the effect of the Uij
on the derived charge-exchange probabilities, we calcu-
lated the charge-exchange probabilities with the use of
U;;=0. The calculated results are slightly larger, but in
the filled circle in Fig. 7. It can be seen that the effect of
U;; on the derived charge-exchange probabilities is very

ij
small.

VI. CONCLUSION

We measured charge-state fractions and energy losses
of He' and He?" ions scattered from the (100) surface of
a SnTe crystal at glancing angles of incidence for MeV
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He™ ions. Based on the model that the deflection of ions
from the trajectory of specular reflection occurs at sur-
face step, the observed charge state and energy losses of
He ions were related to those of ions just above the step.
For the interpretation of the experimental results, a sto-
chastic model was formulated to describe the change in
the charge-state fraction and energy loss of ions traveling
along a surface reflecting trajectory. It was shown from
the model that the difference of energy losses of scattered
He' and He?' ions is useful to derive the position-
dependent charge-exchange probabilities of scattered He
ions. With the use of the relations of charge-state distri-
butions and energy losses of scattered He ions derived
from the stochastic model, the charge-exchange probabil-
ities of MeV He ions at the (100) surface of SnTe were de-
rived, which depend on the distance from the surface
plane.
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