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A model is presented for the shape of the surface peak in the energy spectrum of backscattered ions in a channeling and blocking 
experiment. The elastic energy loss distribution of the ions is calculated by use of Monte Carlo simulation, The inelastic energy loss 

distribution is calculated by use of data obtained from gas phase ion-atom collisions. The model for the shape of the surface peak is 

applied to the analysis of energy spectra of 175 keV He + ions backscattered from a Cu(100) surface. It is found that, under 

channeling and blocking conditions, the inelastic energy loss in surface layers can be almost three times higher thar. .mder normal 

(i.e. random-incidence and -detection) conditions. It is therefore concluded that the inelastic energy loss depends strongly on the 

impact parameter of the collision. 

1. In~~uction 

Slowing down of fast ions in solids has been a 
subject of study for many decades. As was shown 
already by Bohr in 1913 [I], slowing down or loss of 
kinetic energy is caused by elastic nuclear collisions and 
by interactions with electrons in the solid. A famous 
theoretical overview has been given by Bohr in 1948 [2]. 
The energy loss by elastic processes can in principle be 
calculated precisely. Its relative contribution to the 
stopping power (= average energy loss per unit of path 
length) is, however, almost negligible if the kinetic en- 
ergy of, for example, He ions is above 25 keV. The 
inelastic processes, on the other hand, still lack a com- 
plete quantitative theoretical description. The model of 
Lindhard [3] (free-electron gas model) generally predicts 
quite well the electronic stopping power in terms of 
energy transfer from a charged particle to a plasma of 
free electrons. In the local-density approximation of the 
free-electron gas model of Lindhard [4], the (local) 
electronic loss is assumed to be a function of the local 
electron density and of the velocity and charge of the 
ion only. The stopping power is then obtained by an 
integration of the local energy loss over the volume of 
one atom in the solid. In 1967 Bonderup [SJ applied the 
free-electron gas model in the local-density approxima- 
tion and the Lenz-Jensen atom model to evaluate the 
electronic energy loss of protons in a solid. Ziegler [6] 
has used Hartree-Fock electron density functions in his 
comprehensive summary of the stopping power of ions 
in matter. 

Under many different circumstances, however, devi- 
ations between the energy loss per unit of path length 

and the stopping power are observed or, at least, ex- 
pected. Experiments about the stopping of fast ions in 
single-crystals indicate that the energy loss depends on 
the ion trajectory. For example, much attention has 
been given to the energy loss under planar or axial 
channeling conditions. Under these conditions ions will, 
on the average, not traverse the entire volume of the 
stopping medium with equal probability. Channeled 
ions traverse regions with low electron density in the 
midst of the channels and regions with high density 
near the walls. Therefore, the energy loss might deviate 
from the stopping power. Measured ratios for the en- 
ergy loss in channeling directions and in random direc- 
tions vary from almost unity [7] to a factor of 4 [8,9]. 
Trajectory dependence of the energy loss has been 
observed, for example, by van Loenen [lo] in a so-called 
CHABLIS (CHAnneling and BLocking of Ions in 
Surfaces) experiment with medium-energy H+ ions inci- 
dent on a Nisi, layer grown upon a single-crystal of 
silicon. A higher as well as a lower energy loss along the 
crystal directions, compared with random directions, 
has been measured. Indications for a dependence of the 
energy loss on the ion trajectory, or impact parameter, 
have also been found in studies about the energy loss of 
ions transmitted through a foil as a function of the 
emergence angle. In some of these studies [ll-131 a 
relationship between the emergence angle and average 
energy loss is observed which is explained by the im- 
pact-parameter dependence of the energy loss. Others 
[14,15], however, found that local variations in the foil 
thickness can fully account for the measured relation- 
ship. Furthermore, measurements of the energy loss in 
very thin foils have shown a decrease [16] as well as an 
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increase 1171 when the foil gets thinner. 
In some recent experiments, using the technique of 

CHABLIS, relatively high energy losses of medium-en- 
ergy, low-Z ions in the very surface of crystals have 

been reported [l&19]. These ions have interacted with a 
limited number of atoms in the solid only. Moreover, 
these interactions are not random but well selected. It is 
therefore expected that tabulated stopping powers [20] 
cannot be applied to calculate the energy loss of these 
ions. Such experiments may lead to a better understand- 
ing of the energy loss of ions in solids and reveal 
information about the impact-parameter dependence of 
the energy loss. This is true especially when the experi- 
ments are performed with a high-resolution analyzer 

1211. 
An exponential dependence of the electronic energy 

loss on the impact parameter has been suggested by 
Oen and Robinson [22]. The impact-parameter depen- 
dence of the energy loss can also be derived [23] from 
the free-electron gas model of Lindhard [3,4] and other 
models [24,25]. According to calculations [24,23] the 

average energy loss of medium-energy, low-Z ions at 
small-impact parameters is about 1.5 times the stopping 
power. 

In conclusion, there is still no conclusive theory nor 
experimental data for the impact parameter dependence 
of the electronic energy loss. 

In this study we shall try to elucidate the question of 
the impact parameter dependence of the electronic en- 
ergy loss. A description is given of an experiment in 
which a very high energy loss is observed for 175 keV 
He+ ions in the surface layers of a Cu(100) crystal 
(sections 2 and 3). This experiment has been performed 
under channeling and blocking conditions (CHABLIS). 
In order to analyze the elastic and inelastic energy 
losses, a comparison is made between the shape of the 
surface peak in the energy spectra of backscattered He+ 
ions as measured, and the shape of the surface peak as 
calculated by computer simulations. In our computer 
model the trajectories of ions in the crystal are simu- 
lated by a Monte Carlo procedure. Elastic and inelastic 
energy losses are calculated in all single ion-atom colli- 
sions along the paths of the ions through the crystal. 

On the one hand, the Monte Carlo simulation pro- 
vides, in section 4, relative backscattering probabilities 
in the various layers of the crystal as well as detection 
probabilities of the backscattered ions. On the other 
hand, the simulation is used in section 5 to calculate the 
effect of multiple scattering on the direction and energy 
of ions which are backscattered into the detector. Fur- 
thermore, inelastic energy losses are calculated in sec- 
tion 6, using a semiempirical formula for the energy 
transfer to electrons ejected in a single ion-atom colli- 
sion. The formula has been derived by Rudd [26] in 
order to interpret energy spectra of electrons ejected in 
proton-atom collisions in the gas phase. Consequently, 

the influence of inelastic losses on the shape of the 
surface peak in energy spectra of the backscattered ions, 
is analyzed in section 7. 

Our single-event approach is similar to that applied 
by Wilson et al. in their calculation of the energy 
straggling of MeV protons in gases [27]. Inelastic energy 
loss data obtained from ion-atom collisions in the gas 
phase, have been applied by Bierman et al. to calculate 
the stopping of noble-gas ions with kinetic energy of the 
order of 10 keV, in some metals [28]. 

A quantitative comparison (in section 8) of our 
simulation results with measured spectra reveals infor- 
mation about the average inelastic energy loss as well as 
the spread in energy loss of medium-energy, low-Z ions 
in small-impact parameter collisions. 

2. Experimental 

The measurements are performed in a UHV scatter- 
ing chamber coupled to a 175 kV ion accelerator at the 
FOM Institute for Atomic and Molecular Physics in 
Amsterdam. A Cu(100) surface is cleaned by sputtering 
with a 700 eV Ar+ beam (100 PC/cm’) and subsequent 
annealing at 700 K. This procedure is repeated until - 
with AES - no carbon, oxygen and sulphur is detected 
and the (1 X 1) LEED pattern is observed. The clean 
copper crystal is bombarded with a 175 keV He+ beam 
along the [llO] crystal direction. Energy and angular 
distributions of backscattered He+ ions are measured 
with a toroidal electrostatic analyzer, having an energy 
resolution (fwhm) of 0.4% and an angular resolution of 
0.3O. The detection plane of the analyzer coincides with 
the (001) crystal plane. The energy spectra are recorded 
simultaneously at 64 scattering angles 0, between 80” 
and 100 O. The scattering geometry is shown in the 
insert of fig. 2. 

The degree of neutralization of the backscattered 
particles is measured with a surface barrier detector and 
two deflection plates placed at a scattering angle of 
90 O. The degree of neutralization is determined by 
measuring the yield of backscattered particles with and 
without voltage on the plates. A neutralization fraction 
of 0.33 + 0.02 is found. Measurements by Haight [29] of 
the charge state of He, backscattered from a silicium 
crystal, have shown that the neutralization is indepen- 
dent of the outgoing trajectory. Therefore, we assume 
that in our experiment the neutralization is also inde- 
pendent of the scattering angle and scattering layer. The 
fraction of backscattered He’+, which is estimated to 
be not more than 0.04 [30], is neglected. 

During the measurements the background pressure 
in the vacuum chamber is less than lo-’ Pa. The 
experiment is performed at room temperature. More 
details about the apparatus are given in refs. [31,32]. 
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3. Channeling and blocking energy spectra 
a - 

Three detection angles are selected for analysis: 83’, 

90 o (i.e. the blocking direction) and 97 O, with respect 
to the incident beam. In order to reduce statistical 
fluctuations, nine spectra within an interval of 2.7O 
around each selected angle are added. Since small dif- 
ferences in kinematic factor within each interval would 

broaden the surface peak in the energy spectra, the 
original spectra are shifted in energy before the adding 
is performed. (Note that in our experiment a difference 
of + 1” in the detection angle corresponds to a shift of 
the surface peak of - 340 eV.) Due to a small systemati- 
cal deviation in the curvature of the toroidal analyzer, a 
correction in the energy scale of the spectra as a func- 
tion of the detection angle, has to be made. This correc- 
tion has been determined independently [33] and varies 
from about -1 to + 1 keV over the whole angular 
range of the analyzer. 

154 156 158 

---D Energy of backscattered ions (keV) 

Fig. 1 shows the surface peak of the three spectra 
after correction and summation. The dots represent the 
measurement. The meaning of the solid curves will be 
discussed later. In fact, the main part of this study will 
deal with the establishment of these curves. The width 
(fwhm) of the surface peak is 1.3, 1.0 and 1.2 keV at a 
detection angle of 83O, 90 o and 97 ‘, respectively. 
These values are significantly larger than the energy 
resolution of the analyzer, which is 0.6 keV. 

150 152 154 156 

- Energy of backscattered ions CkeV) 

When using the stopping power data of Ziegler and 
Biersack [20] the inelastic energy loss should not be 
more than 180 eV per crystal layer. Under our measur- 
ing conditions no more than about three atomic layers 
contribute to the surface peak in the energy spectra of 
backscattered ions. Therefore, one would not expect a 
peak width exceeding the energy resolution of the 
analyzer. Some broadening of the surface peak is caused 
by the presence of two copper isotopes, as will be 
discussed quantitatively in section 5. This effect, how- 
ever, can still not explain the observed width of the 
peaks. Moreover, the three surface peaks differ in shape 
qualitatively; thus, the large widths cannot be explained 
in a simple way, for example by an unexpected poor 
resolution of the analyzer. We conclude that the surface 
peak is significantly wider than expected. 

4. Monte Carlo simulation and the structure of the clean 
copper surface 

148 150 152 154 

- Energy of backscattered ions CkeV) 

Fig. 1. Energy spectra of 175 keV He’ ions backscattered from 

a Cu(100) surface. The indicated detection angles 19, are rela- 

tive to the direction of the primary beam. The dots represent 

the measured data, the solid curves are results of a fitting 

procedure based on our model for the shape of the surface 

peak. The calculated shape of the surface peak as well as the 

separate contributions from various crystal layers (1,2, 3) are 

shown. 

In order to interpret the measured energy spectra, layer spacing at the surface and the thermal vibration 
Monte Carlo simulations of the scattering process are amplitude of the atoms in the first and second crystal 

performed. In the simulation a screened Moliere poten- layer of the Cu(100) crystal. In a review paper by van 
tial to calculate scattering angles as a function of impact der Veen [34], it is described how the structure of a 
parameter and a 3-dimensional crystal model to calcu- crystal surface can be determined in a CHABLIS ex- 

late ion trajectories are used [19,23]. In ref. [19] we have periment in combination with results from Monte Carlo 

used Monte Carlo simulations to determine the inter- simulations. We have found [19] a contraction of the 
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Table 1 
Normalized backscattering B, and detection D, probabilities 
as calculated for 175 keV He+ ions incident along the [llO] 

crystal axis of a clean Cu(100) crystal and scattered in the 

(001) detection plane. The relaxation of the first interlayer 

spacing has been taken - 2% and the thermal vibration ampli- 

tude of atoms in the first and second layer 12 and 10 pm, 

respectively. The bulk value is 8.4 pm [36]. (Uncertainties are 
typically 0.02). The visibility V, is defined as B,D, 

Layer Backscattering Detection probability at 
probability 83” 90” 97” 

1 1.00 1.00 1.00 1.00 
2 0.72 0.98 0.68 0.99 
3 0.25 1.01 0.24 1.01 
4 0.05 1.02 0.04 1.02 
5 0.02 1.05 0.02 1.06 

>5 0.03 0.10 0.02 0.10 

first interlayer spacing of - 2% *2% and a thermal 
vibration amplitude of 12 and 10 pm for the atoms in 
the first and the second crystal layer, respectively. These 
values are in good agreement with a dynamical LEED 
study by Davis et al. [35]. The bulk thermal vibration 
amplitude is 8.4 pm [36]. 

The calculated backscattering probability in the vari- 
ous surface layers as well as the detection probability of 
the backscattered ions are given in table 1. 

5. Quantities determining the shape of the surface peak 

The shape of the surface peak in the energy spectra 
is determined by physical and instrumental quantities 
such as ion energy, scattering and detection geometry, 
backscattering and detection probabilities, kinematic 
factor for the different isotopes, thermal vibration 
velocities of the target atoms, multiple scattering, inelas- 
tic energy losses (in, mainly, small-impact parameter 
collisions!), energy resolution of the accelerator and the 
analyzer. The influence of these quantities on the energy 
of the detected ions and therefore on the shape of the 
surface peak, will be discussed in this section. We shall 
focus our attention to the influence of kinematic factor 
differences, multiple scattering and inelastic energy loss. 
The inelastic energy loss of a He+ ion in a copper 
crystal will be discussed in more detail in section 6. 

5.1. Difference in kinematic factor 

Copper consists of two isotopes: 63Cu (69% abun- 
dance) and 65Cu (31%). Because of their mass dif- 
ference, the kinematic factors for He backscattered from 
these isotopes differ. The difference varies from 0.0031 
at 83O to 0.0038 at 97” scattering angle. In our experi- 
ment this corresponds to 520 and 670 eV, respectively. 

As a result, the heavier, but less abundant 65Cu isotope 
causes a tail at the higher energy side of the surface 

peak. 

5.2. shift and broadening of the surface peak by multiple 

scattering 

The detected ions have obviously experienced at 
least one collision that causes a large-angle scattering. 
However, in many cases some small-angle scattering 
events may have occurred as well. These scattering 
events influence the direction and the energy of the 
backscattered ions and, consequently, the shape of the 
surface peak. In this section this influence is examined 
quantitatively by use of the Monte Carlo simulation. 

The incoming beam is aligned along the [llO] axis of 
the copper crystal (see the insert of fig. 2). This implies 
that ions, before they scatter over about 90” in the 
second or in a deeper layer, have to pass one or more 
atoms in the layer(s) nearer to the surface at a distance 
of typically a few tens of a picometer. As a result, one 
or more deflections occur with a scattering angle of the 
order of 1“. In our case the elastic energy loss in a 
scattering over about 1” is only 10 eV. Therefore, this 
influence on the shape of the surface peak can be 
neglected. However, double or multiple scattering causes 
also a discrepancy between the backscattering angle and 
the detection angle. 

In fig. 2 some ion trajectories are shown that lead to 
detection of backscattered ions at an angle 0, of 83’) 
90 o and 97 ‘, respectively. It should be stressed that an 
atom in the second layer of the crystal can be hit by an 
ion only if, due to thermal vibration, this atom is 
located momentarily in or just outside the edge of the 
shadow cone of the atom in the first surface layer. 
Because of the Gaussianlike distribution of the thermal 
displacements, a position far outside the shadow cone is 
very unlikely. Therefore, in our scattering geometry the 
distance at which an ion passes a first-layer atom before 
it hits an atom in the second layer is confined to a 
limited range. If the passage distance is too small, the 
ion is deflected such that it will pass with a high 
probability the second-layer atom at a large distance. In 
that case scattering by the second-layer atom over about 
90“ cannot occur. On the other hand, if the passage 
distance in the first layer is too large, the passage 
distance in the second layer will probably be too large 
as well. Hence, only a passage distance in the first layer 
close to 20 pm, and consequently a small-angle scattering 
(over about 1.5’), can lead, with a relatively high 
probability, to backscattering in the second layer. The 
small-angle scattering may be positive or negative. 
Moreover, it may be within the detection plane (as is 
shown in fig. 2) or perpendicular to that plane. Note 
furthermore that the projection of the deflected trajec- 
tory onto the detection plane can have any value be- 
tween about -l.S” and + 1.5“. 
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Fig. 2. Some ion trajectories which lead to the detection of an ion in the analyzer at a detection angle 6, = 83O, 90’ and 97 O, 
respectively. The insert shows the geometry of the experiment. The radii of the L- and M-shells of the Cu atoms are shown by circles. 

Note that the atoms are temporarily displaced from their equilibrium positions (indicated by x), making backscattering in the 

second layer and detection at 90 O, i.e. the blocking direction, possible. In all collisions elastic and inelastic energy losses occur. 

Assuming double scattering only, a small deflection 
of S, within the detection plane naturally implies that 
backscattering over 6, - S, is needed in the second layer 
to detect the ion at angle 6, of the analyzer. So, double 
or multiple scattering causes a spread in the back- 
scattering angle of the ions. Because of the angular 
dependence of the kinematic factor, a spread in the 
scattering angle corresponds to a spread (of 340 eV per 
degree, see section 3) in the energy of the detected ions. 

Of course, small-angle scattering can occur also after 
backscattering in the second or a deeper layer. Apart 
from a spread, multiple scattering can cause also a shift 
in the average direction of the detected ions. For in- 
stance, ions which are backscattered over 83’ in the 
second layer, will, on the average, be deflected in a 
following passage of a first-layer atom towards a lower 
detection angle (see fig. 2). On the other hand, ions 
which are backscattered over 97’ will be deflected, on 
the average, to a higher detection angle. Thus, the mean 
detection angle of the ions backscattered in the second 
or in a deeper layer, differs more from 90” than the 
backscattering angle does. Therefore, at those detection 
angles there is a difference in mean kinematic factor 
between ions backscattered from the first layer, which 
are not affected by multiple scattering, and ions back- 
scattered from a deeper layer, which are necessarily 
affected by multiple scattering. Consequently, a net 
shift in the energy of the ions backscattered from the 
surface layers will be measured at detection angles of 
83O and 97O. At a detection angle of 90 O, only a 
spread and no shift in energy will be found, 

The average impact parameter, the deflection angle 
of the ions and the corresponding spread and shift in 
the energy of the detected ions are calculated by use of 
the Monte Carlo computer simulation model. Table 2 
summarizes the results. It can be seen that in our 
experiment the energy distribution of the ions back- 
scattered in the second layer may be shifted by about 
190 eV and broadened by about 450 eV. Obviously, the 
energy distributions of the ions which are backscattered 
in the third or deeper layers are shifted and broadened, 
too. The shift and broadening of the latter distributions 
are, according to Monte Carlo calculations, a few tens 

Table 2 

The effect of multiple scattering on the energy of the detected 
ions, as calculated with Monte Carlo simulation. Indicated are 

the average distance at which ions pass atoms in the first layer 

assuming backscattering in the second layer, the corresponding 

average deflection angle and its spread (standard deviation), as 

well as the shift D,,, and spread c,,, in the energy of these ions 

Path of the ions 

Incoming Outgoing 

Detection angle 0,: _ 83” 90” 97O 

Average impact parameter (pm) 15 30 15 30 

Deflection (deg) 

average 0.1 -0.5 0.1 0.5 

spread 0.8 0.7 0.8 0.7 

Change in energy (eV) 

shift 20 -170 20 170 

spread 300 200 350 200 
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of a percent higher than those for the second layer. The 
visibility, i.e. the backscattering probability times the 
detection probability (see table l), of deeper layers, 
however, is small and these figures have therefore not 

been included in table 2. 

tronic energy loss in close collisions and, consequently, 
half the electronic stopping power. 

5.3. Inelastic energy losses 

As argued in the introduction, we cannot apply usual 
formulas [37] and data [20] for the stopping power or 
the energy straggling to calculate the inelastic energy 
loss of ions which are backscattered in different crystal 
layers. Instead we shall describe the interaction of ions 
with the copper crystal in terms of series of ion-atom 
collisions. The interaction of fast ions with atoms in the 
gas phase has been studied extensively [38]. We assume 
that results from such studies can also be applied to 
describe the interaction of fast ions with atoms in a 

crystal. 

Experimental data about the inelastic energy loss in 
atomic collisions are abundant for inert gases and gases 
like Hz, N,, CO and 0, (see, for example, refs. [40,41]). 
On the other hand, energy loss data for collisions of He 
ions in atomic vapours of copper (or equivalent) metals 
are hardly available. Therefore, the required informa- 

tion has to be derived from extrapolation of data 
acquired from the gases mentioned above. Alternatively, 
it can be derived from theoretical models for direct 
Coulomb ionization, such as the plane-wave-Born ap- 
proximation (PWBA) [42], the classical binary-encoun- 
ter approximation (BEA) [43] or the semiclassical ap- 
proximation (SCA) [44], or from models for the molecu- 
lar promotion mechanism [45]. 

In a collision between a fast He ion and a relatively 
heavy target atom, kinetic energy of the ion may be lost 
inelastically by excitation and/or ionization of (mainly) 
the target atoms. The total amount of inelastic energy 
loss of an ion when moving through a crystal, is de- 
termined by the total number of excited and ejected 
electrons, their excitation of binding energy and the 
final kinetic energy of the ejected electrons. The number 
of electrons involved depends on the excitation and 
ejection probability and the number of collisions at 
various impact parameters. This number depends on the 
trajectory of the ion in the crystal. 

Table 3 gives estimations for the ionization cross 
sections and probabilities for 175 keV He+ as a func- 
tion of the (sub)shell of copper atoms in the gas phase. 
Note that the velocity of the ions, 2.9 X lo8 cm/s, is less 
than, for example, the average velocity of the electrons 
is the 3p-subshell (5.4 X 10’ cm/s). This implies that 
theoretical models, such as PWBA or BEA, to calculate 
cross sections for excitation and ionization of electrons 
from these subshells are of limited validity. At much 
lower ion velocities, calculations could be performed by 
regarding the collision pair as a quasimolecular system 

]451. 

Furthermore, energy is lost continuously in distant 
collisions by polarization of the medium in which the 
ion moves [2]. According to the equipartition rule [39], 
the continuous energy loss is equal to the average elec- 

Ion-atom collision experiments [48] and theoretical 
models (for example BEA [49]) reveal that the ioniza- 
tion probability depends on the impact parameter. The 
probability is roughly constant for impact parameters 
smaller than the shell radius r, and zero for impact 
parameters larger than this radius. Therefore, the over- 
all ionization probability P, presented in table 3 (last 

Table 3 
The subshells of copper, their binding energies and cross-sections for ionization by impact of 175 keV He+ in atomic Cu vapour. 
Ionization probability P per electron is defined as o/N?rr’ 

Shell Binding energy 
I (ev) a) 

Shell radius 

r (pm) 

Number of 

electrons N 

Ionization cross section 

e (pm2) 

Ejection probability 

P E a/NT? 

1s 8985 1.8 2 6 x10-tot’) 3x10-” 

2s 1105 9 2 1 x10-2b’ 2x10-s 

2P 950 9 6 4 x10-2b’ 3x10-5 

3s 129 26 2 2 x102” 0.05 
3P 83 26 6 2.2x103 =) 0.17 

3d 11 - 60 

4s 8 -100 

10 
1 > 

3 X104d’ 

a) From ref. [45]. 
b, From [46]. 
‘) These figures are estimations using eq. (6) (section 6.3) and an effective charge number Z, = 2 of the He+ ion and a cutoff 

distance b,,, of 26 pm, equal to the mean radius r, of the 3s- and 3p-subshell. 
d, These figures are estimations based on data for inert gases and H,, N,, CO, CH,, CO, and 0, [40,41] and a semiempirical model 

1261. 
All figures for cross-sections and probabilities have an uncertainty of at most a factor of 2. 
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column), has been calculated by dividing the cross 
section by Nrr 2, in which N is the number of electrons 
in the subshell. It roughly indicates the probability for a 
given electron in the considered subshell to be ejected in 
a small-impact parameter collision (i.e. b < r). The 
average kinetic energy of an ejected electron is com- 
parable to the binding energy [26]. For Cu atoms, 
ionization or excitation of K- and L-shell electrons by 
impact of 175 keV He+ ions is very unlikely. On the 
other hand, ionization of at least one 3d- or 4s-electron 
is very probable, as shown in table 3, but the energy loss 
involved (about twice the binding energy) is small. The 
cross section for multiple ionization of, for example, Ar 
by 40 keV H+ impact [50], is considerably smaller than 
for single or double ionization. Therefore, we assume 
that, on the average, two electrons from the 3d- and 
4s-subshells are ejected per He + Cu collision. The en- 
ergy loss involved is estimated to range from 20 to 80 
eV. 

Generally, at impact energies above 10 keV/amu, 
the cross section for excitation to bound levels [38] and 
therefore the energy loss caused by excitation are lower 
than that for ionization. Moreover, less energy is 
involved [51]. We estimate that in our experiment the 
average energy loss by (single- or multiple-) excitation 
to bound levels of Cu ranges from 10 to 40 eV per 
collision. 

Table 4 summarizes the estimated average energy 
loss and the spread in small-impact parameter (b c 26 
pm, see section 6.1) collisions of a 175 keV He+ ion 
with a Cu atom in a solid for the various inelastic 
processes. The total average inelastic energy loss is 
about 285 eV, the spread is about 155 eV *. It is 
concluded that most energy is lost by ionization of 3s- 
and 3p-electrons, on the average about 165 eV. The 
energy loss in distant collisions (i.e. by polarization of 
the medium) is about equal to half the electronic stop- 
ping power [2,39], i.e. 180 eV/nm [20]. When we take 
the size of an atom equal to the interatomic distance in 
a copper crystal (256 pm), this loss corresponds to 45 
eV per collision. 

It should be noted that kinetic energy of the ion is 
also lost when it captures an electron. However, neutral- 
ized He cannot be detected with an electrostatic analyzer 
as used in our experiment. Moreover, at the velocity 
involved, the cross section for electron capture is almost 
two times smaller than for ionization [40,41,51]. 

In a copper solid the binding energies are, with respect to 

the Fermi-level, about 6 eV lower. Therefore, differences of 

about 10% in the average energy loss between the gas phase 

and the solid state can occur. 

Table 4 

Estimated average and spread of the inelastic energy loss of 

175 keV He+ ions due to ionization and excitation in small-im- 

pact parameter collisions with Cu atoms in a solid and the 

unlocalized loss by polarization of the medium. The uncer- 

tainty in the figures is about 25% 

Ionization 

IS 

2s 

2P 
3s 

3P 
3d+4s 

Excitation 

Polarization 

Total 

Average energy loss Spread 

per collision (eV) (eV) 

- 1o-6 0.1 

0.1 10 

0.3 20 
25 75 

140 125 

50 35 

25 25 

45 0 

285 155 

6. Energy loss distribution of the detected ions 

The inelastic energy loss of a He+ ion in a copper 
crystal will be analyzed in more detail and a distribu- 
tion of the inelastic energy loss of the detected ions is 
derived. As stated before, the interaction of an ion with 
atoms of the crystal is considered as a series of isolated 
ion-atom collisions. Consequently, the total inelastic 
energy loss of the ion can be regarded as the sum of the 
individual losses in all collisions plus the loss by polari- 
zation of the medium. 

We start with a semiempirical probability distribu- 
tion for a specific energy transfer to an ejected electron 
in a small-impact parameter collision. Subsequently, we 
derive the probability distribution for an energy transfer 
to all electrons ejected in one collision. Finally, the 
distribution of the energy transfer in more than one 
small-impact parameter collision is derived. Since the 
ion trajectories, calculated in the Monte Carlo simula- 
tion, are known, also the number of small-impact 
parameter collisions is known. From this number the 
energy loss distribution of the detected ions can be 
calculated. 

6. I. Definitions 

We define a passage of an ion along an atom as a 
collision if the impact parameter is smaller than half the 
interatomic distance of the crystal (128 pm for copper). 
A collision is called a small-impact parameter collision if 
the impact parameter is comparable to or smaller than 
the radius of the 3s- or 3p-subshell (26 pm). If the 
scattering angle is more than about 90 O, the collision is 
called a backscattering collision. It is noted that a 175 
keV He ion is backscattered from a copper atom only if 
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the impact parameter is smaller than about 0.3 pm. The 
number of collisions of an ion with atoms during its 
passage through the crystal will be denoted by nc; the 
number of small-impact parameter collisions by n,. 

6.2. Differential ionization cross section 

A semiempirical formula for the differential cross 

section uj(T, AE) for the ejection of electrons from 
subshell j with kinetic energy AE in a proton-atom 
collision in the gas phase has been given by Rudd [26]: 

12 
a,(T, AE) = 5aN,Z:a$_x2$ 

( T/Z, ) ’ - 1’2 

Zj 4 + (T/r,)” 

Xexp 
i 1 ,,;;t2 ’ (1) 

in which T = E,( me/M,), in which Ep and M,, is the 
kinetic energy and mass of the projectile and m, the 
electron mass, N, the number of electrons in subshell j, 
Z, is the effective charge number of the projectile, a0 is 
the radius of the first Bohr orbit, Z, is the binding 
energy of subshell j, I, is the binding energy of 
hydrogen: 13.6 eV and (Y and p are dimensionless 
constants of the order of unity. (See also the glossary at 
the end of this paper.) 

Eq. (1) is valid for ionization by proton impact of 
both inner- and outer-shell electrons and is integrated 
over all impact parameters. It is applied by Rudd to 
describe measured energy distributions of electrons 
ejected by the impact of 10 to 50 keV protons in various 
gases. The constants a and p for the used gases [26] 
(N,, 0,, Ne and Ar) are 0.91 and 0.75, respectively. We 
shall use eq. (1) with these values of a and /I for a 
description of the inelastic energy loss of He+ ions in 
the surface layers of the copper crystal. We thus assume 
that there is no qualitative difference between the dif- 
ferential ionization cross section for proton and for 
helium impact (at the same velocity). In fact, the latter 
cross section is 4 times larger if we assume that Z, = 2. 
Furthermore, we assume the equation to be valid for 
copper atoms in a solid as well +. 

It will be convenient to rewrite the differential cross 
section oJ T, A E) as a product of N,, the integral 
ionization cross section u,*(T) per electron, and the 
normalized kinetic energy distribution f,(T, AE) of an 
ejected electron: 

aj(T> AE)=N,uj*(T)fJ(T, AE), 

where 

(2) 

(3) 

+ Since copper is a conductor, eq. (1) cannot be used for the 
conduction electrons (i.e. the 4s-electrons). 

(4) 

in which rj is the average kinetic energy of an ejected 
electron (= ( ZjT)‘/2/a). The average energy loss dEj of 
the projectile by ionization of an electron from subshell 

j is given by: 
- 
AE,=IJ+q. (5) 

6.3. Impact-parameter dependence of the ejection prob- 

ability 

The integral ionization cross section per electron 
uj*( T) is equal to the probability Pj(T, b) for a given 
electron to be ejected as a function of the impact 
parameter b of the collision, integrated over all impact 
parameters. In the following we shall assume, as before, 
that the ejection probability is constant for impact 
parameters smaller than a maximum b,, and zero for 
impact parameters larger than b,,,. Thus, for b < b,,, the 
ejection probability is given by eq. (3) divided by nb,$ 

Z’,(Tv b) 

2 ,a: ZA (T/‘Zj)” 
= 5Z,a 1; 

b, Z, 4 + ( T,‘Zj)28 
=q.(T) forb(b, 

= 0 for b > b,. 

(6) 

Note that b, is of the order of the radius (sub)shell j 
(see section 5.3). 

The assumption that the impact-parameter depen- 
dence can be described by a step function is a simplifi- 
cation. It will, however, not substantially affect the 
comparison between theoretical and experimental en- 
ergy losses. 

6.4. Multiple ionization 

If the ejection of an electron is independent of the 
simultaneous ejection of any other electron, then the 
total energy distribution of all ejected electrons can 
easily be obtained by a convolution of all individual 
energy distributions. Independence of the ionization 
probability of K- and L-shell electrons has been 
observed in various ion-atom collision experiments [52]. 
As far as we are aware, no such measurements have 
been performed for outershell electrons. Nevertheless, 
independence will be assumed in this case as well. 

The convolution is performed easily if the most 
important ionizations (i.e. ionization of the 3p- and 
3s-electrons, see table 4) are treated separately from the 
other ionizations and if the relatively small difference in 
binding energy and ejection probability of the 3s- and 
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3p-electrons are neglected. The subshells 3s- and 3p- 

will be denoted in the following by the index Z.L Their 
weighted binding energy in the solid is denoted by Z, 
(= 85 eV). The average kinetic energy r, of an ejected 
3s- or 3p-electron is 45 eV. Thus, the average energy - 
loss A E, by ionization of a 3s- or 3p-electron is 130 eV. 

The convolution $“) of k equivalent normalized 

kinetic energy distributions & is (see eq. (4)): 

f,‘k’(T’ ‘El = (k: 1) A,,j 
pL( “)* exp( y). r, 

(7) 
If mutual independence of the ejection probability 

P,,(T) is valid and if differences between the 3s- and the 
3p-subshell are neglected, then the probability Pik)(T) 
for the ejection of k electrons out of N, = 8 electrons in 
the 3s plus 3p-subshell, is given by a binomial distribu- 
tion: 

P,“(T) = t P,,!(l -P,)“‘-“. 
( i 

(8) 

The average number of ejected p-electrons in a small- 
impact parameter collision is N, times the probability 
for one electron to be ejected, or: 8P,(T). 

The probability distribution WLk)(A E,) for an en- 
ergy transfer of A E, from the ion to k ejected electrons 
from the p-subshell is given by the product of eqs. (7) 
and (8): 

I+$“‘( A E,) = Pck) ,, (T)fjk’(T, AE,,-kZ,). (9) 

Note that the sum of the kinetic energies of the ejected 
p-electrons is equal to the energy loss AEp of the ion 
minus k times the binding energy Z,. The probability 
distribution W,(A E,) for an energy transfer A E,, to any 
possible number of ejected p-electrons is obtained by 
summation of W,‘“) over k = 0 to 8: 

Wp(AEp) = 5 W;k’(AEp). (10) 
k=O 

Having treated the energy transfer to 3s- and 3p- 
electrons in this fashion, in a similar way the energy loss 
to the electrons in the other subshells (predominantly 
3d- and 4s-electrons) is estimated by a convolution 
method. 

The probability distribution W, for energy transfer 
AZ?, to all electrons of the atom in a small-impact 
parameter collision is: 

Wi(AEi) = /A’S,Wp(AEi-AE,)g(AE,) dAE,, 
0 

(11) 

in which g(A E,) is the combined distribution function 
of the additional energy loss AE, by excitation of any 
electron and by ionization of 3d-electrons. According to - 
table 4, the average additional inelastic energy loss A E, 

is 120 eV, the spread u, is 45 eV. The energy loss 
distribution W,(AE,) in a collision with b > b,, is given 
by g(A Ei) only. We have assumed that this distribution 
is independent of b. 

6.5. Energy loss in more than one collision 

We can apply eqs. (10) and (11) also to describe the 
energy loss distribution of ions after more than one 
small-impact parameter collision. In that case, k ranges 
from zero to NY times the number ns of small-impact 
parameter collisions. 

If the average number of ejected 3s and 3p-electrons 
is larger than 1, the analysis is simplified by approxi- 
mating the binomial distribution by a Poisson distribu- 
tion: 

P,‘k)(T, ns) = 
(k,(ns))k 

k! exp( -k,(n,)), (12) 

in which kll( n,) is the average number of ejected 3s- 
and 3p-electrons in ns small-impact parameter colli- 

sions. Since ns is at most equal to the number of 
collisions nc (which is in our experiment equal to 
2A - 1; X being the layer of backscattering) it follows 

that: 

k,(ns)=8nsPp(T)<8nCPp(T)=8(2X-l)P,(T), 

(13) 
- 

The average energy loss A E,, by ionization of 3s- or 
3p-electrons is equal to: 
- 
AE,=k,(Z,+r,). (14) 

The spread in the number of ejected 3s- and 3p-elec- 

trons is equal to J k, . The spread u,+ in the energy loss 

is then given by: 

+k,(z,+r,)*+i&?. (15) 

Note that the first term in eq. (15) results from the 
spread in the number of ejected electrons, the second 
term results from the spread in the kinetic energy of the 
ejected electrons. 

With eqs. (7) and (9)-(12) we now derive the total 
inelastic energy loss distribution of a projectile as a 
function of backscattering layer X, and of detection 
angle fZ,, by performing nc convolutions of g(A E,) 
with: 

in which 

E’=AE,,-kZ P’ 
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and E’ is the sum of the kinetic energies of k ejected 
3s- and 3p-electrons. 

In fig. 3 an example of the calculated energy distri- 
bution of backscattered 175 keV He+ ions is shown. 
Only the energy loss by ionization of 3s- and 3p-elec- 
trons is taken into account. The backscattering angle is 
900, which corresponds to an elastic energy loss of 
20.45 keV [ = (1 - k(90 ” )) Ep]. The inelastic energy loss 
distribution is calculated by use of eqs. (16) and (17). 
The effects of multiple scattering, of isotope differences, 
of excitations, of ionization of 3d-electrons and of 
polarization of the medium are not included. Curves A 
and B correspond to trajectories along which, on the 
average, two and five 3s- or 3p-electrons are ejected, 
respectively. The average inelastic energy loss is 260 and 
650 eV, with a spread of 200 and 320 eV, respectively. 
Note that, if the average number of ejected 3s- or 
3p-electrons is not too small, the energy distribution 
resembles a Gaussian function. 

Since the number of additional inelastic loss 
processes is large (B 1) and the energy involved is 
small, the n, convolutions of function g(AE,) can be 
approximated [2] by one convolution with a Gaussian - 
function with an average of ncA E, and a spread of 
\r n cu,: 

g("c)( A E,) = 
1 

(27w%2) 

1/2exp 

i 

(18) 
Energy loss (keV) - 

2 1 0 

152 153 154 155 156 

- Energy of backscattered ions (keV) 

Fig. 3. The energy distribution of ions which are backscattered 
over 90° and have ejected, on the average, 2 (curve A) or 5 
(curve B) 3s- and 3p-electrons of Cu atoms along the trajec- 
tory. (Other inelastic and elastic energy losses are neglected.) 
The energy loss per electron is equal to the mean binding 
energy (85 eV) plus the kinetic energy of the ejected electron. 
The energy loss distribution for k ejected electrons is obtained 
by k convolutions of the single-electron energy loss distribu- 
tion. The total energy loss distribution is obtained by summa- 
tion of the single distributions, each one weighted by its 
relative probability. The numbers refer to the average number 

of ejected electrons. 

The average inelastic energy loss A Ei is given by: 

di=z,(X, 0s)(Z,+r,) +?Z$Ea. (19) 

The spread ui in the inelastic energy loss is given by: 

.?(A, &)=X,(X, e~)((z,+r;)2+r~)+~cu~. (20) 

7. Model for the peak shape 

Because now the most important energy loss mecha- 
nisms are quantitatively known, we are able to derive a 
model for the shape of the surface peak in the energy 
spectrum of the backscattered ions at each detection 
angle I$, in our case 83O, 90 o and 97 O. The surface 
peak is the sum of the contributions of the two copper 
isotopes (labeled by K), each one weighted by its natural 
abundance a,, and of all crystal layers (labeled by X) 
each one weighted by its visibility V,. The contribution 
of each isotope and each layer is determined by the 
energy loss distribution of the ions which are back- 
scattered from isotope K in layer X. The detection angle 
0, and multiple scattering determine the average elastic 
energy loss, see table 2. The average inelastic energy loss 
is related to the number nc of collisions and to the 
average number ns of small-impact parameter colli- 
sions. 

The shape of each contribution is given by eqs. (16) 
and (17) convoluted with the distribution function of 
the (additional) inelastic energy losses (eq. (18)) convo- 
luted with the resolution-function of the analyzer - 
which is assumed to be a Gaussian function - and, if 
necessary, shifted and broadened due to multiple 
scattering. The latter shifts and broadenings are also 
approximated by Gaussians. For simplicity, the various 
Gaussian convolutions are substituted by one shift and 
one Gaussian convolution. The shift is equal to the sum 
of the averages corresponding to the various Gaussian 
functions. The average of the substituted Gaussian 
function is zero, its width is the quadratic sum of the 
widths of the separate Gaussian functions. 

If all contributions are added, one obtains the fol- 
lowing equations between the shape of the normalized 
surface peak at detection energy E and detection angle 
e +: 

E=k,(&)E,-(AE,+ 
-- 

+(X)& + AE,(X, ‘4>)> 

(22) 
- 

in which AE, is the shift due to multiple scattering, 
k,( 0,) is the kinematic factor for isotope K and scatter- 
ing angle 0,. 

+ The normalization is performed by target-current integra- 
tion and by comparison with a Bi-implanted standard. 
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Subsequently, Y(E, 0,) is convoluted with a Gaus- 
sian function with an average of zero and a spread u: 

a*@, e,)=nc(A)u,2+6;+u;(,(h, e,), (23) 

in which 6, is the energy resolution of the analyzer 
(standard deviation is 270 eV) and a, is the spread in 
the ion energy caused by multiple scattering, see table 2. 

The convoluted function Y(E, 0,) is the theoretical, 
normalized height of the surface peak at analyzing 
energy E. The normalization is such that the area of the 
peak equals the number of visible atoms per row. 

8. Comparison between the measured and calculated 
surface peaks 

We have fitted the convolution of eqs. (21)-(23) to 
the measured surface peak at 83 O, 90 o and 97 o detec- 
tion angle in our experiment. Backscattering and detec- 
tion probabilities are chosen as given in table 1. The 
magnitude of the shifts and the broadening by multiple 
scattering are chosen according to the results of the 
Monte Carlo calculation, table 2. 

Free parameter in the fitting procedure is the aver- 
age number z, of ejected 3s- and 3p-electrons, or, 
which is equivalent (see eq. (19)), the average inelastic 
energy loss dE, as a function of the backscattering layer 
h. Since the contributions of the third and deeper layers 
to the surface peak are relatively small, only the inelas- 
tic energy loss of ions backscattered in the first and in 
the second layer are varied independently. The inelastic 
energy loss of ions backscattered in deeper layers is 
assumed to be proportional to the difference in inelastic 
energy loss of ions backscattered in the first and in the 
second layer. The average additional inelastic energy 
loss m, - by excitation, by ionization of 3d-electrons 
and by polarization of the medium - is taken according 
to the estimations given in table 4. Unfortunately, the 
primary energy E, of the He ions is not known with 
sufficient accuracy. Therefore, Ep is taken as an ad- 
ditional free parameter in the fitting procedure. 

The results of the fitting procedure are given in table 
5 and are shown as solid curves in fig. 1 together with 
the experimental data. In the figure the contributions of 
the separate layers are shown as well. It is concluded 
that in one small-impact parameter collision, on the 
average, about 240 f 30 eV kinetic energy of the ion is 
lost inelastically. This figure is slightly less than the 
estimation of 285 eV given in table 4. Regarding the 
uncertainty of about 25% in this estimation, the result is 
satisfying. 

When the ion is backscattered in the second layer 
and detected at 90 O, about three times as much energy 
is lost. When the ion is detected at 83O or 97O, the 
average inelastic energy loss is about 2.5 times as high. 
Note that after backscattering over 83” or 97 O, the 

Table 5 
Average and spread of inelastic energy loss as a function of 
backscattering layer and detection angle. Figures are obtained 
by fitting model calculations for the surface peak to the 

measured surface peak. See fig. 1. The estimated error is about 
20% 

Scattering Detection Inelastic energy loss (ev) 
layer angle (de& average spread 

1 83 220 130 

1 90 250 140 

1 97 230 140 

2 83 570 200 

2 90 750 250 

2 97 600 200 

average impact parameter in the third collision is 30 
pm, see table 2 and fig. 2. 

According to the stopping power data [20], an energy 
difference of 180 eV is expected between ions back- 
scattered in the first and those backscattered in the 
second layer. This is 2.7 times lower than the energy 
difference resulting from our analysis. 

The average number k,, of ejected 3s- and 3p-elec- 
trons in one small-impact parameter collision is 0.9 + 
0.2. The ejection probability PP(T) is, thus, 0.12 + 0.03. 
Moreover, the results indicate that, if the impact param- 
eter is larger than about 30 pm, almost no 3s- or 
3p-electrons are ejected. These conclusions are in good 
agreement with the ejection probability P, as given in 
table 3 (weighted average is 0.14) and with the impact- 
parameter dependence of P, as described in section 
6.3 *. Note furthermore that, according to eq. (6) and 
assuming an ejection probability of 0.12, the effective 
nuclear charge Z, of the He+ ion is 1.8. 

In the fitting procedure, three independent values 
are found for the primary energy E, of the ion beam. 
These values differ by less than 100 eV, which is negligi- 
ble. 

The spread ui in the inelastic energy loss as a 
function of the backscattering layer h and detection 
angle 19, follows from eq. (20). For example, the stan- 
dard deviation in the energy loss of the ions which are 
backscattered in the first or in the second layer and 
detected at 90 O, is 145 eV and 250 eV, respectively. The 
energy straggling (spread) of ions backscattered in the 
second layer, calculated by using Bohr’s theory for 
straggling [2], is 160 eV. Calculated using the model of 
Chu [53], which usually gives better results, the strag- 

* The probabilities given in table 3 are calculated for colli- 

sions in copper vapours. When the binding energy of the 3s- 

and 3p-subshell of a Cu atom in the solid is related to the 

Fermi level, the probabilities are about 20% higher. The 
value of the energy involved is about 10% lower. 
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gling would be less than 60 eV. Thus, also the usual 
formulas for straggling are not appropriate in our ex- 
perimental setup. 

9. Remarks 

Not all effects which can influence the energy of the 
detected ions are included in our model for the surface 
peak. For instance, double ionization of the incoming 
He+ ion can occur. However, He’+ is not detected in 
the analyzer. But if a He*+ ion recaptures an electron, 
its energy differs from that of an unchanged He+ ion. 
The same holds for neutralization of the He+ ion, 
followed by ionization. Furthermore, also excitation of 
He+ can occur which could influence the kinetic energy 
of the ion. These effects are neglected, as they are 
assumed to be small. 

The thermal velocity distribution of the Cu atoms 
from which the ions are backscattered, broadens the 
energy distribution of the detected ions. As this Dop- 
pler broadening is calculated to be only about 15 eV 
(standard deviation), this effect is almost negligible 
when compared with other broadening effects. Further- 
more, the small spread in energy of the primary beam 
[54] is neglected as well, as it hardly affects our analysis. 

It must be noted that the energy of the He+ ions 
after backscattering is about 155 keV. Although not 
mentioned explicitly, this difference is incorporated 
throughout the performed calculations. 

10. Summary and discussion 

Comparison of the calculated shape of the surface 
peak with the shape in the measured energy spectra 
shows that the surface peak can be well described in 
terms of elastic and inelastic energy losses of the de- 
tected ions, if all main energy losses in each individual 
ion-atom collision in the surface layers are taken into 
account. 

Analysis of the measured spectra reveals that the 
average inelastic energy loss of a 175 keV He+ ion in a 
collision with a copper atom in a solid, with impact 
parameter smaller than the mean radius of the 3s- and 
3p-subshell of Cu (26 pm), is about 240 eV. In a 
collision with a slightly larger impact parameter, the 
inelastic energy loss is only about 120 eV. Depending 
on backscattering layer and detection angle, the energy 
of the detected ions is also affected by multiple scatter- 
ing. The effect has been evaluated by Monte Carlo 
computer simulations. It is found that, for ions back- 
scattered in the second layer, the shift in energy by 
multiple scattering can be as much as a 200 eV, the 
spread (standard deviation) as much as 450 eV. 

Energy loss of a He+ ion by excitation or ionization 

of K- and L-shell electrons of Cu is very unlikely and 
can be neglected. If the impact parameter of the He+ 
ion is as large as or smaller than the mean radius of the 
3s- or 3p-subshell, data in the literature for electronic 
ionization- and excitation cross sections and our calcu- 
lations indicate that, on the average, about 0.9 3s- or 
3p-electrons are ejected. The corresponding average en- 
ergy loss of the ion amounts to 120 eV. Furthermore, 
about 25 eV is lost by excitations to bound levels, and 
50 eV by ionization and/or excitation of 3d- and 4s- 
electrons. Note that the latter processes depend only 
slightly on the impact parameter. Finally, 45 eV is lost 
continuously by polarization of the medium. The spread 
in the total inelastic energy loss in one small-impact 
parameter collision is about 145 eV. The value of the 
effective nuclear charge Z, of the He+ ion is found to 
be +1.8, which is larger than the effective charge Z$, 
of + 1.5 as given by the ratio of the He and the H 
stopping power in Cu at equal velocity [20]. 

Although the energy resolution of the analyzer and 
the effect of multiple scattering are comparable to the 
observed inelastic energy losses, it is concluded that the 
average electronic energy loss in small-impact parame- 
ter collisions is 2.5 to 3 times as high as calculated by 
using the tabulated data for the stopping power. This 
indicates a strong impact-parameter dependence of the 
electronic energy loss. 

Of course, a high energy loss in a CHABLIS experi- 
ment increases the depth resolution. For instance, in 
our spectra the contributions of ions backscattered from 
the first and from the second layer can almost be 
separated. However, the relatively high value for the 
straggling, which is related to the high energy loss, 
dramatically reduces the depth resolution. 

Note that, as a consequence of the mechanisms 
described above, the energy loss per unit of path length 
in the center of the crystal channels must be must less 
than the stopping power. 

The impact parameter dependence of the energy loss 
has also been studied elsewhere in other experiments 
(such as channeling and/or transmission of ions through 
thin foils). However, since in those experiments the 
detected ions have had interactions at different values 
of impact parameter, the effect of the impact-parameter 
dependent energy loss will be smeared out. Finally, 
more insight into the energy losses of ions in the surface 
layers of a crystal can be obtained if an analyzer with a 
very high energy resolution were to be used; such an 
analyzer has been described, for instance, by Oku et al. 
[21]. Furthermore, energy measurements of back- 
scattered ions in coincidence with secondary electrons 
or photons can lead to a better understanding of inelas- 
tic energy loss processes. Inelastic energy loss data of 
ion-atom collisions in metal vapours and gases are 
needed as well for a more complete description of the 
interaction of ions with atoms in solids . 
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Glossary 

a0 
b 

bm 

EP 
f;(T, A@ 

f:k’(Z AE) 

&A-%) 

‘, 
1, 
k,(4) 

k, 
m, 
MP 
nc 
ns 

N, 
P, 

Bohr radius (52.9 pm), 
impact parameter of the collision, 
maximal impact parameter for which ioni- 
zation can occur, 
primary energy of the ions, 
kinetic energy distribution of electrons 
ejected from subshell j, 
total kinetic energy distribution of k elec- 
trons ejected from subshell j, 
distribution function of additional inelas- 
tic energy losses, 
binding energy of subshell j, 
binding energy of hydrogen (13.6 eV), 
kinematic factor for isotope K and 
scattering angle 0,, 
number of ejected p-electrons, 
electron mass, 
mass of projectile, 
number of collisions of the ion in the solid, 
number of small-impact parameter colli- 
sions of the ion in the solid, 
number of electrons in subshell j, 
probability for the ejection of a given elec- 
tron in subshell j, 

5 
T 

VX 

w,(AE,) 

radius of subshell j, 

= E,(m./M,), 

WE, 0,) 

AE, 

AL 

AE 

r, 

visibility of layer A, 
probability distribution for an energy 
transfer A E, to the electrons in subshell j, 
(normalized) spectrum yield at energy E 

and detection angle 0,, 
effective charge of the ion, 
dimensionless constant (= 0.91), 
dimensionless constant (= 0.75), 
energy resolution of the analyzer, 
additional inelastic energy loss (i.e. loss 
not due to 3s or 3p-electrons), 
inelastic energy loss 
elastic energy loss due to multiple 
scattering, 
deflection in the trajectory of the ion with 
respect to its initial direction, 
kinetic energy of ejected electrons, 
average kinetic energy electrons ejected 
from subshell j, 

A number of the layer of backscattering, 

P index indicating the 3s- and 3p-subshell of 

cu, 

% spread in the additional inelastic energy 
loss, 

*In spread in the elastic energy loss, 
uj( T, A E) differential ionization cross section of sub- 

shell j, 

o,*(T) integral ionization cross section of subshell 

J, 

0s angle between primary beam and analyzer 
(= detection angle). 
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